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*The  objective  of  this  program  was  to  design  a composite  rotor  blade  for  the 
0H-58C/A  helicopter  which  has  reduced  life-cycle  costs,  6%  Improved  hover 
perfonnance.  Improved  reliability  and  maintainability,  reduced  radar  signa- 
ture and  Increased  ballistic  survivability.  A trade-study  approach  was  used 
to  select  the  final  configuration  for  the  preliminary  design  phase.  A mono- 
lithic composite  structure  evolved  which  utilizes  winding  In  the  production 
of  the  main  spar,  skins  and  the  trailing  edge  spline.  The  blade  satisfies  - 
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20.  Abstract  (Continued) 

'^baslc  objectives  using  a double- tapered  planform  and  a VR-7  airfoil.  Composite 
materials  selected  Include  S-glass.  E-glass  and  carbon  graphite. ^ This  report 
Is  presented  In  two  volumes.  VoIuik  I Is  contained  herein.  Volum  II>  with 
security  classification  of  CONFIDENTIAL,  Is  titled  "Ballistic  Survivability 
Analysis  and  Radar  Reflectivity  Analysis"  and  Is  presented  under  separate 
cover. 
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SUMMARY 


This  report  covers  activities  performed  at  Kaman  Aerospace  Corporation  in 
two  task  areas.  Task  I consisted  of  trade  studies  to  determine  the  best 
state-of-the-art  design  of  a composite  blade  for  the  0H-58C/A  helicopter. 
Task  II  covered  the  preliminary  design  and  analysis  of  the  selected  con- 
figuration. 

The  Task  I trade  study  examines  the  characteristics  of  five  distinct  root- 
end  designs,  two  cross  section  variations  and  two  tip  configurations. 

Several  airfoils  and  planforms  were  examined  in  a performance  study  phase, 
and  at  least  20  materials/fabrication  combinations  were  investigated. 

Fatigue  life,  damage  tolerance,  reliability  and  maintainability  were  deter- 
mining factors  in  the  study.  Cost  was  of  prime  consideration,  as  well  as 
radar  reflectivity.  Using  a ranking  system,  a best  configuration  was 
selected  for  the  preliminary  design  phase  of  Task  II. 

In  Task  II,  the  selected  configuration,  designated  the  K757  rotor  blade,  is 
submitted  to  detailed  analysis.  Laminate  stress  analyses  were  completed 
and  a final  adjustment  of  mass  and  stiffness  distribution  was  made.  Blade 
first,  second  and  third  flapwise  and  chordwise  natural  frequencies  repli- 
cated those  of  the  standard  OH-58  blade  within  8%.  Load  calculations  were 
in  good  agreement  with  observed  OH-58  flight,  but  in  some  instances  were 
unconservative  and  replaced  by  extrapolated  flight  measured  loadings  for 
the  design  analysis.  The  fatigue  life  was  conservatively  calculated  to  be 
4703  hours.  Performance  analyses,  reliability  and  maintainability  analyses, 
life  cycle  costs,  radar  reflectivity  and  ballistic  survivabil ity  analyses 
were  completed  in  detail. 

With  the  exception  of  radar  signature,  the  selected  K757  blade  design  was 
shown  to  meet  or  exceed  all  desired  objectives,  including  an  increase  in 
polar  moment  of  inertia  for  improved  autorotation  characteristics.  Fig- 
ure 1 presents  data  comparing  the  attributes  of  the  K757  OH-58  composite 
blade  with  the  present  OH-58  metal  blade. 

The  configuration  selected  is  a double  tapered  blade  having  a twelve  degree 
twist  from  tip  to  rotor  mast  station  zero  (0).  Solidity  is  .0364  and  a 
VR-7  airfoil  is  used  between  station  36.5  and  the  tip.  Materials  selected 
consist  of  fiber  E-  and  S-glass,  Thornel  300  carbon  graphite  and  epoxy 
molding  compound.  Other  materials  are  cast  steel  and  lead  for  ballast 
weight  and  steel  bushings,  bolts  and  washers.  Fabrication  of  the  main 
spar  is  by  filament  winding  using  the  tip  inertia  ballast  weight  as  a 
built-in  mandrel  component.  A carved  Nomex-core  afterbody  and  a linear 
filament- wound  trailing  edge  piece  and  leading  edge  piece  make  up  the  blade 
cross  section.  The  blade  tip  cap  is  an  integral  part  of  the  cast  steel  tip 
ballast  member.  Figure  2 presents  the  root-end  details. 

The  blade  is  retained  within  the  yoke  clevis  by  the  present  OH-58  main  pin. 
It  is  also  restrained  in  the  edgewise  direction  using  the  existing  OH-58 
latch  mechanism.  Rotor  loads  are  transferred  to  the  inboard  all  composite 
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reinforcement  plates  to  be  reacted  at  the  oversize  bushings  and  latch 


bearing  pads.  The  filament-wound  spar  consists  of  optimized  combinations 
of  fiber  angles  to  reproduce  ,..*sired  stiffness  and  stress  conditions.  At 
the  reinforcement  plates,  cross-ply  graphite  material  is  finely  inter- 
spersed to  impart  the  required  shear,  bearing  and  tensile  properties.  The 
trailing  edge  spline  transfers  shear  and  bending  to  the  spar  bearing  plate 
by  means  of  a series  of  interconnecting  doublers.  Chordwise  balance 
weights,  compatible  with  the  present  balance  weights,  are  shown.  The  spar 
twist  is  reversed  inboard  of  station  36.5  (17.2%  blade  radius)  to  develop  a 
maximum  beamwise  cross  section  for  structural  purposes.  The  reverse  twist 
is  facilitated  by  high  spar  taper  and  a separate  inboard  mandrel  span- 
segment. 

Figure  3 shows  the  details  of  the  outer  region  and  tip  of  the  K757  blade. 

A cast-to-shape  tip  inertia  weight  serves  as  the  mandrel  for  the  tip 
winding.  This  inertia  weight  transfers  centrifugal  loads  to  the  fiberglass 
spar  through  a molded  rubber  blanket.  Blade  tuning  is  facilitated  by  the 
lead  tuning  mass.  The  tip  cap  cavity  is  integral  with  the  tip  ballast 
weight  and  allows  the  incorporation  of  a variable  lead  weight  package.  The 
afterbody  tip  cap  is  a shaped  compression  molded  closure.  The  complete 
blade  assembly  is  designed  to  be  co-cured  to  insure  high  quality,  lowest 
cost  and  maximum  structural  efficiency. 
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Figure  3.  K757  tip  details  - OH-58  blade. 
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Composite  materials  and  the  associated  fabrication  techniques  are  resulting 
in  a new  generation  of  superior  helicopter  rotor  blades.  Kaman  Aerospace 
Corporation,  at  the  forefront  of  this  technology,  has  produced  the  K747 
composite  blade  for  the  AH-1  helicopter.  This  blade  has  demonstrated 
increased  performance,  superior  flying  qualities,  substantially  improved 
damage  tolerance,  long  life,  and  increased  reliability  and  maintainability. 
With  this  very  substantial  background  experience,  Kaman  herein  defines  a 
similar  state-of-the-art  blade  for  the  0H-58C/A  helicopter.  In  this 
endeavor,  significant  contributions  were  made  by  the  following  Kaman  per- 
sonnel: Messrs.  R.  E.  Collins,  R.  Jones,  J.  E.  Miller,  G.  Haire,  H.  C. 
Freeman,  M.  White,  H.  E.  Showalter,  E.  Janssen,  M.  Bowes,  J.  Fitzpatrick 
and  P.  F.  Maloney. 

We  would  also  like  to  acknowledge  the  assistance  of  Mr.  H.  K.  Reddick  of 
the  Applied  Technology  Laboratory  in  the  performance  of  this  program. 
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TECHNICAL  APPROACH 


Composite  materials  are  inherently  well -suited  to  the  requirements  of  heli- 
copter blades  for  several  reasons.  Preferred  orientation  can  be  provided 
by  a number  of  manufacturing  processes  which  can,  in  most  cases,  use  a wide 
range  of  fibers  and  resin  systems.  Blade  geometry  can  be  variable, 
approaching  optimum  aerodynamic  shapes,  with  only  minor  constraints  imposed 
by  most  manufacturing  processes.  Several  different  material  choices  are 
available  to  provide  efficient  structural/dynamic  tailoring.  The  best  of 
these  materials  have  high  fatigue  strength,  low  crack  propagation  rates, 
and  favorable  strength/weight  and  stiffness/weight  ratios.  Ballistic  dam- 
age is  of  less  concern  with  helicopter  blades  made  of  composites.  Exper- 
ience has  shown  that  post-impact  lives  can  be  substantially  more  than  those 
of  metallic  configurations.  These  materials  are  extremely  durable  and  have 
high  repairabil ity  which  leads  to  low  life-cycle  costs. 

The  Kaman  K747  composite  blade  for  the  AH-1  helicopter  represents  a break- 
through in  low  cost  fabrication  technology.  This  is  the  Hrst  production 
composite  blade  in  the  Army  system.  Knowledge  gained  in  this  program  has 
been  put  to  direct  use  in  the  OH-58  composite  blade  program.  The  OH-58 
blade  is  designed  as  a state-of-the-art  blade.  In  this  context,  it  is  the 
result  of  practical  confrontations  with  present  limitations  in  each  of  the 
required  disciplines.  Kaman  has  used  validated  computer  design  tools  and 
techniques  to  examine  an  array  of  concepts  and  evolve  one  objective  configu 
ration.  This  has  been  fortified  with  practical  experience  gained  in  our 
many  composite  programs. 

The  OH-58  composite  blade  program  was  performed  in  two  distinct  phases. 

Task  I was  an  objective  trade  study  in  which  the  primary  disciplines  were 
called  on  to  evaluate  numerous  configurations  in  order  to  conclude  with 
one  best  blade  design.  The  major  analysis  activity  in  this  stage  is  in 
aerodynamics/performance  and  in  structures/dynamics.  In  Task  II,  consid- 
erable detailed  structural  and  dynamics  analysis  was  performed  for  final 
configuration  detail.  The  life-cycle  cost  analysis  was  of  particular 
interest,  since  this  is  the  area  of  major  concern.  The  following  pages 
report  all  the  activities  of  this  program.  The  inclusion  of  voluminous 
computer  printout  data  has  been  resisted;  however,  this  information  is  on 
file  at  Kaman  if  a further  review  is  desired. 

Trade  Study  Methodology 

Trade  analyses  were  performed  evaluating  merit  based  on  the  following  prime 
attributes,  listed  in  order  of  assigned  importance: 

• Life-cycle  cost 

• Performance 

• Reliability  and  maintainability 


• Radar  reflectivity 

• Ballistic  survivability 

Each  of  these  items  is  individually  assessed  and  a grade  is  assigned  or 
calculated.  To  reflect  this  order  of  importance,  a graduated  maximum  score 
for  each  was  assigned  as  shown  below.  Since  operational  costs  were  con- 
sidered under  the  Reliability  and  Maintainability  section,  only  acquisition 
costs  were  considered  under  the  life-cycle  cost  evaluation  at  this  time. 


Item  Maximum  Score 

Cost  10 

Performance  9 

Reliability  and  maintainability  8 

Radar  reflectivity  7 

Ballistic  survivability  _6 
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To  determine  a grade  for  cost,  the  DTUPC  objective  of  $3400  per'  blade  was 
used  as  a basis: 

Configu^don  Cost  ^ 

To  determine  a grade  for  performance,  the  minimum  objective  hover  perfor- 
mance increase  of  6%  was  used  as  a basis: 

i CerforMnce  Increase  " ’ ' 

A reliability  and  maintainability  grade  was  obtained  based  on  a combined 
ranking  of  sub-tier  items  multiplied  by  8. 

For  radar  reflectivity,  it  was  considered  that  any  of  the  configurations 
envisioned  would  have  radar  signatures  similar  to  those  observed  on  the 
K747  AH-1  composite  blade,  and  that  treatments  could  nearly  equalize  these. 
Therefore,  there  is  no  anticipated  distinction  among  any  of  the  composite 
configurations.  An  arbitrary  grade  of  7 was  assigned  to  all,  although  any 
lower  number  could  have  been  selected  without  affecting  the  overall  results. 

The  ballistic  survivability  grade  was  determined  using  generally  accepted 
techniques  to  calculate  a relative  P^^  for  each  of  the  final  candidates. 

This  technique  analyzes  the  blade  as  a series  of  span  and  chordwise  sec- 
tions, each  of  which  has  an  exclusive  Pj,  determined  for  it.  From  this,  an 
overall  P|^  can  be  calculated. 
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The  results  were  proportioned  to  the  best  design  and  multiplied  by  six: 


(100  - P^)  (Best) 
100  - 


Grade 


All  grades  were  thereafter  sunned  and  compared  to  each  other  to  determine 
the  best  of  the  configurations. 

The  trade  study  commenced  with  configuration  analyses  to  determine  the 
aerodynamic  geometry  requirements  and  the  structural/fabrication  con- 
straints. Analysis  was  performed  initially  to  define  desired  planform, 
airfoil  geometry  and  twist  geometry.  A structural/fabrication  survey  was 
then  used  to  determine  the  fabrication  scheme(s)  and  resultant  structural 
properties  of  the  configurations  meeting  the  aerodynamic  requirements. 

This  led  to  the  segregation  of  the  blade  structure  into  three  span-elements; 
namely,  root  end,  clean  section  and  tip.  This  is  illustrated  in  the  con- 
figuration equation.  Figure  4.  The  numbers  assigned  to  each  element  are 
used  to  define  the  configuration;  thus,  an  AH-1  ^e  root  end,  (T)  , with  a 
filament- wound  spar/Nomex  afterbody  and  spline,  © , and  a cast  steel  plus 
molded  tip,  (2)  , is  designated  configuration  112. 

The  root  end  elements  appear  in  Figure  5,  blade  clean  section  variations  in 
Figures  6 and  7,  and  the  two  tip  variations  in  Figure  8.  Two  detailed  ver- 
sions of  pultruded  afterbodies  appear  in  Figures  9 and  10. 

Although  20  combinations  are  possible  here,  it  is  clear  that  clean  section 
and  tip  configuration  ideas  are  not  mutually  independent.  For  example, 
the  molded  tip  configuration  was  a spin-off  requirement  of  the  pultruded 
afterbody  and,  because  of  the  increased  complexity,  weight  and  cost,  is  not 
considered  a logical  part  of  clean  section  #1  having  a Nomex  afterbody. 

Also,  the  Nomex  afterbody  tip  #1  does  not  allow  through-bagging  of  the  pul- 
truded afterbody  #2  during  the  cure  cycle  to  support  and  pressurize  the 
surface,  and,  therefore,  is  not  a logical  mate.  Additionally,  the  prelimi- 
nary stress  analyses  indicated  that  bond  line  shear  stresses  were  much  too 
high  in  the  root  end  race-track  #4,  and  fiber  tension  stresses  too  high  for 
the  race-track-plus-drag-brace  #5.  These  were  eliminated  as  structurally 
unsound.  The  screening  progress  is  illustrated  in  Figure  11.  Six  configu- 
rations remain  for  consideration:  111,  211,  311,  122,  222  and  322. 


Performance  Trade-Off  Analysis 

Background.  One  of  the  most  important  considerations  affecting  the  design 
of  either  a new  helicopter  or  the  modification  of  an  existing  one  is  perfor- 
mance. For  this  investigation,  the  criteria  defining  the  impact  of  the  new 
rotor  blade  design  on  helicopter  performance  capabilities  specify  that  a 6% 
reduction  in  total  power  required  for  hover  under  a given  set  of  conditions 
is  desired,  but  that  it  must  be  achieved  without  compromise  of  forward 
flight  performance. 


Figure  4.  Configuration  equation. 


Figure  7.  Clean  section  afterbody  concepts 
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Figure  10.  Two-piece  pultruded  afterbody 
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The  total  power  required  to  hover  is  determined  by  the  sum  of  three  compo- 
nents; profile  power,  induced  power  and  losses.  The  profile  and  induced 
contributions  stem  from  the  main  rotor.  The  third  component,  the  losses, 
includes  the  power  required  to  drive  the  tail  rotor  and  any  accessory 
devices  such  as  electrical  generators  or  hydraulic  pumps,  and  the  power 
required  to  overcome  losses  in  the  power  transmission  system.  Because  this 
latter  component  is  usually  small  and  essentially  fixed  for  a given  air- 
craft, the  performance  analysis  is  focused  on  reduction  of  the  profile  and 
induced  power  requirements. 

In  hover,  the  induced  power  represents  the  major  portion  of  the  total.  It 
is  minimized  by  maintaining  low  disc  loading  and  a downwash  distribution  as 
nearly  uniform  as  possible.  For  this  analysis,  the  rotor  diameter  is  fixed, 
so  any  induced  power  changes  must  come  from  modification  of  the  downwash 
distribution.  Profile  power  is  strictly  dependent  upon  the  aerodynamic 
characteristics  of  the  airfoil  section  utilized  in  the  blade  construction. 

Rotor  Blade  Section  Selection.  The  0H-58C  standard  rotor  blade  has  an 
undesignated  airfoil  section.  As  shown  in  Figure  12,  the  portion  forward 
of  the  35%  chord  station  closely  approximates  the  British  NPL  9615  section. 
The  contour  aft  of  the  35%  chord  station  is  essentially  a pair  of  non- 
parallel straight  lines  meeting  at  a point  slightly  aft  of  the  trailing 
edge.  The  departure  from  the  NPL  9615  section  is  illustrated  by  the  shaded 
areas  in  Figure  12.  Note  that  the  NPL  9615  is  a derivative  of. the  NACA 
0012  having  a 6.2%  chord  extension  and  a drooped  leading  edge.  The 
extended  chord  reduces  the  thickness  ratio  from  12%  to  11.3%,  which  is  the 
same  as  the  thickness  ratio  of  the  standard  OH-58  blade  section. 

Calculated  hover  performance  of  the  0H-58C  with  the  standard  rotor  geo- 
metric configuration,  but  with  blade  section  characteristics  of  the  NACA 
0012  airfoil  supplied  by  the  customer,  is  designated  as  the  baseline 
against  which  performance  of  the  modified  configurations  is  to  be  measured. 
Selection  of  the  airfoil  to  be  used  on  the  modified  rotors  is,  therefore, 
based  on  the  merits  of  tne  candidate  sections  relative  to  the  NACA  0012. 

The  prime  objective  in  the  airfoil  selection  process  is  to  maintain  a low 
level  of  profile  drag  for  a given  rotor  thrust.  In  principle,  this  means 
that  the  airfoil  section  at  each  point  on  the  blade  should  have  the  highest 
lift-to-drag  ratio  (C.|/Cj)  that  can  be  practically  attained.  It  also  means 

that  each  blade  section  should  be  working  essentially  at  the  angle  of 
attack  for  maximum  lift-to-drag  ratio.  As  a practical  consideration,  a 
high  level  of  lift-to-drag  should  be  maintained  over  a broad  range  of  the 
lift  coefficient  to  minimize  the  twist  variation  with  blade  radius. 

Examination  of  typical  airfoil  characteristic  data  shows  that  the  Mach  num- 
ber has  a significant  effect.  This  is  an  important  factor  that  must  be  con- 
sidered in  the  selection  of  the  blade  section  since,  particularly  for  hover, 
a large  Mach  number  gradient  exists  between  the  blade  root  and  the  tip. 

Thus,  a section  selected  for  operation  at  mid-blade  may  be  unsuitable  at 
the  tip. 


Figure  12.  OH-58  C/A  main  rotor  blade  contour  compared  to  British  NPL  9615  sectior.. 


The  maximum  section  lift  coefficient  attained  on  an  airfoil  section  does 
not  bear  directly  on  the  rotor  profile  power  because  the  blade  area  can  be 
adjusted  to  maintain  an  average  lift  coefficient  well  below  stall.  It 
should  be  considered,  however,  in  the  blade  airfoil  selection  because  it 
affects  the  flight  envelope  in  terms  of  gross  weight,  normal  load  factor, 
and  speed. 

Review  of  the  literature  published  on  the  most  recently  developed  airfoil 
sections,  along  with  the  work  done  on  airfoil  selection  for  the  improved 
main  rotor  blade  for  the  AH-IQ  helicopter,  has  indicated  several  airfoils 
that  may  be  suited  to  the  0H-58C  application.  A summary  of  the  aerodynamic 
characteristics  of  the  candidates  is  presented  in  Figures  13  and  14  with 
appropriate  References  1 and  2,  and  in  Table  1.  Figure  13  shows  the  maxi- 
mum lift-to-drag  ratio  for  each  of  the  sections  plotted  versus  blade 
radius.  The  variation  in  the  curves  actually  reflects  the  variation  of  the 
lift-to-drag  ratio  with  Mach  number  shown  in  the  lower  scale  for  a tempera- 
ture of  95°F  and  a tip  speed  of  655  ft/sec.  Figure  14  shows  the  variation 
of  the  maximum  lift  coefficient  in  the  same  format. 

Based  on  these  data,  the  optimum  airfoil  selection  appears  to  be  the  VR-7. 
Although  the  FX-69-H-098  shows  a superior  lift-to-drag  ratio  at  low  Mach 
number,  it  loses  this  advantage  rapidly  as  Mach  number  increases.  Compared 
to  the  VR-7,  the  FX-69-H-098  shows  an  inferior  lift-to-drag  ratio  over  the 
outboard  15%  of  blade  span  where  drag  reduction  is  particularly  important. 
It  should  be  observed  also  that  the  VR-7  is  superior  to  the  FX-69-H-098 
with  regard  to  the  maximum  lift  coefficient  over  at  least  the  outboard  50% 
of  the  blade  radius. 

The  23010-1.58  section  compares  favorably  with  the  VR-7  in  terms  of  both 
lift-to-drag  ratio  and  maximum  lift  coefficient  at  low  Mach  number,  'ut  it 
loses  its  advantage  over  the  outboard  blade  segment.  Using  the  2301J-1.58 
on  the  inboard  blade  segments  and  transitioning  to  a VR-7  on  outboard  blade 
segments  would  improve  performance  slightly.  However,  the  additional  com- 
plications attendant  to  changing  from  one  blade  section  to  another  at  some 
point  on  the  blade  do  not  appear  to  be  justified  for  the  small  performance 
benefits  that  might  accrue. 

The  VR-8  section  is  eliminated  from  consideration  for  0H-58C  application 
primarily  because  the  low  thickness  ratio  is  structurally  unsuitable  at 


T.  Dadone,  L.  U.,  U.  S.  ARMY  HELICOPTER  DESIGN  DATCOM,  VOLUME  I - AIR- 
FOILS, USAAMRDL-TR-76-2,  Eustis  Directorate,  U.  S.  Army  Air  Mobility 
R & D Laboratory,  Fort  Eustis,  Virginia,  September  1976. 

2.  Gregory,  N.,  and  Wilby,  P.  G.,  NPL  9615  AND  NACA  0012  - A COMPARISON 
OF  AERODYNAMIC  DATA,  CP  No.  1261,  Ministry  of  Defence  (Procurement 
Executive),  Aeronautical  Research  Council,  London,  England,  November 
1968. 
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Nondirnensional  blade  radius  station 


Mach  number 


Figure  13.  Maximum  lift-to-drag  ratio  obtainable  with 
candidate  airfoil  sections. 
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TABLE  1.  SUMMARY  OF  AERODYNAMIC  CHARACTERISTICS  OF  CANDIDATE  AIRFOIL  SECTIONS 


NPL  - National  Physical  Laboratory  transonic  wind  tunnel 
NASAL  - Langley  6 x 28  inch  transonic  tunnel 


the  inboard  stations  and  because  its  advantages  with  regard  to  maximum  lift- 
to-drag  at  higher  Mach  number  ratio  are  never  realized  at  the  outboard  sta- 
tions due  to  the  relatively  low  tip  Mach  number,  0.57  for  the  0H-58C/A  in 
hover  under  hot  day  conditions. 

With  the  exception  of  the  NPL  9615,  all  candidate  airfoil  sections  consid- 
ered display  an  advantage  relative  to  the  NACA  0012  with  respect  to  the 
maximum  lift-to-drag  ratio.  All  but  the  VR-8  also  have  higher  maximum  lift 
coefficients  over  the  range  of  Mach  numbers  of  interest  for  the  0H-58C/A 
application. 

Blade  Geometry 

The  design  of  the  optimum  rotor  requires  that  the  blade  angle  of  attack  be 
constant  at  all  points  on  the  blade  radius  to  minimize  the  profile  power 
required  and  that  the  downwash  velocity  remain  constant  at  all  points  on 
the  rotor  disc  to  minimize  the  induced  power  required.  To  achieve  these 
goals,  the  most  fundamental  analysis  reveals  that  both  the  blade  pitch  and 
chord  distribution  with  radius  should  be  hyperbolic  with  the  solidity 
selected  so  that  the  angle  of  attack  is  equal  to  that  for  maximum  lift-to- 
drag  ratio.  The  optimum  rotor  may  achieve  a 6 - 8 % performance  improve- 
ment over  the  untwisted,  untapered  configuration.  The  hyperbolic  variation 
of  blade  chord  and  twist  distributions  results  in  impractical,  blade  geom- 
etry, and  a more  accurate  analysis  is  required  to  optimize  a realistic 
rotor  design.  For  this  purpose,  a Goldstein-Lock  analysis  is  used  which 
accounts  for  a finite  number  of  blades  and  assumes  the  blades  are  lifting 
lines  and  the  rotor  wake  is  uncontracted.  The  method  has  been  adapted  by 
Kaman  to  computer  solution  and  has  been  found  to  yield  results  substan- 
tially in  agreement  with  test  results.  It  has  the  advantage  that  blade 
geometry  can  be  readily  changed  and,  since  actual  airfoil  characteristics 
are  an  integral  part  of  the  program,  the  effects  of  Mach  number  and  stall 
can  be  accounted  for.  Thus,  a wide  variety  of  blade  geometric  and  aero- 
dynamic configurations  can  be  analyzed  in  a minimum  of  computer  time.  In 
addition,  the  computer  printout  includes  angle  of  attack  distribution  with 
blade  radius,  which  tends  to  minimize  the  number  of  computer  runs,  as  well 
as  to  give  better  insight  into  the  impact  of  various  geometric  changes. 

The  Goldstein-Lock  analytical  procedure  was  used  to  evaluate  a wide  range 
of  geometric  blade  configurations  utilizing  the  VR-7  airfoil  characteris- 
tics. The  configurations  included  three  planforms  with  linear  chord  taper 
from  root  to  tip  and  a two-step  chord  taper.  The  basic  planforms  are  shown 
in  Figure  15.  The  simple  taper  with  a 6:1  taper  ratio  was  selected  as  an 
approximation  to  the  optimum  hyperbolic  chord  distribution.  The  two 
smaller  taper  ratios  were  analyzed  to  determine  the  sensitivity  of  hover 
performance  to  this  parameter.  The  dual  taper  configuration  is  based  on 
the  AH-1  blade  geometry  which  represents  a compromise  configuration  con- 
sidering hover  performance,  structural  and  dynamic  requirements,  and  for- 
ward flight  performance.  The  dual  taper  and  the  linear  2:1  taper  ratio 
configuration  were  further  analyzed  to  determine  the  effect  of  blade  twist 
distribution  and  solidity. 


Hover  performance  calculated  for  the  main  rotor  with  the  above  blade  plan- 
forms  is  presented  in  Figure  16  at  a thrust-weighted  solidity  of  .03.  The 
twist  distribution  initially  selected  for  each  configuration  was  intended 
to  approximate  the  theoretical  optimum.  At  the  specified  reference  hover 
condition  where: 

Gross  weight  = 3200  lb 
Rotor  tip  speed  = 655  ft/ sec 
Pressure  altitude  = 4000  ft 
Free  air  temperature  = 95° 

Fuselage  vertical  drag  = 64  lb 

the  rotor  thrust  coefficient,  Cj  = .00404. 

At  this  thrust  level,  Figure  16  shows  no  significant  difference  in  hover 
performance  attributable  to  blade  planform.  Thus,  the  planforms  with  the 
two  higher  taper  ratios  were  eliminated  from  further  analysis  and  the 
effects  of  twist  distribution  and  solidity  variations  were  determined  for 
the  dual  taper  and  the  2:1  constant  taper  configurations  only. 

The  twist  distribution  study  included  a linear  twist  with  varying  magnitude 
and  a dual  twist  to  approximate  the  ideal  distribution.  The  results  of 
this  study  are  presented  in  Figures  17  and  17a  where  nondimensional  hover 
performance  is  compared  for  the  various  configurations.  There  appears  to 
be  no  advantage  gained  with  the  more  complex  dual  twist,  and  only  a very 
slight  performance  advantage  is  realized  with  a linear  twist  of  - 12° 

(-  .057  deg/in.)  compared  to  - 8°  (-  .038  deg/in.). 

The  effect  of  solidity  illustrated  in  Figures  18  and  18a  is  somewhat  more 
pronounced  than  either  planform  or  twist  distribution.  For  the  linear 
taper,  an  equivalent  solidity  of  .027  appears  to  be  a minimum  power  config- 
uration, although  there  is  a gain  of  only  1.4%  to  be  realized  by  reducing 
solidity  from  .037  to  .027.  For  the  dual  taper  planform,  the  gain  in  per- 
formance with  reduced  solidity  is  similarly  small. 

The  comparison  of  the  calculated  performance  achieved  by  the  many  configura- 
tions analyzed  in  this  study  with  the  baseline  configuration  is  facilitated 
by  computing  the  percentage  change  in  main  rotor  power  required  for  a speci- 
fic set  of  operating  conditions.  Table  2 summarizes  the  results  of  these 
computations.  The  outstanding  feature  of  this  table  is  the  generally  mini- 
mal changes  that  may  be  expected  in  performance  for  substantial  modifica- 
tions in  the  rotor  configuration.  With  the  exception  of  configuration  4 in 
Table  2,  performance  changes  relative  to  the  specified  baseline  rotor  are 
computed  to  be  less  than  2.5%.  Hover  performance  considerations  thus  become 
of  secondary  importance,  and  the  modified  blade  geometry  should  be  deter- 
mined primarily  by  the  structural  and  dynamic  requirements,  along  with  the 
practical  considerations  associated  with  blade  manufacture.  These  criteria 
have  led  to  the  selection  of  the  dual  tapered  blade  with  an  equivalent  sol- 
idity of  .036  and  a total  twist  of  12°  distributed  linearly  from  the  center 
of  rotation  to  the  blade  tip.  This  configuration  is  listed  in  Table  2 as 
Number  18.  Pertinent  geometric  details  are  illustrated  in  Figure  1,  and 
tabular  data  is  provided  in  Table  3. 


i 


! 1 
i ■ 


44 


Equivalent  solidity  = .03  (based  on  thrust  integration) 


Root  to  .50R 
.28  deg/in. 
.25  deg/in. 
.22  deg/ In. 
.33  deg/in. 


6;1  Taper  ratio 
4:1  Taper  ratio 
2:1  Taper  ratio 
Double  taper 


Figure  16.  Effect  of  blade  planform  on  main  rotor  hover  performance 


Blade  twist 


03  (based  on  thrust  integration) 


Figure  17.  Effect  of  twist  distribution  on  main  rotor  hover 
performance  - dual  taper  planform. 


Blade  twist 


Equivalent  solidity  = ,03  (based  on  thrust 

integration) 


Effect  of  twist  distribution  on  main  rotor  hover 
performance  - taper  ratio  2:1. 


Figure  17a 
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Figure  18,  Effect  of  equivalent  solidity  on  main  rotor  hover 
performance  - dual  taper  planform. 


TABLE  2.  SUMMARY  OF  HOVER  PERFORMANCE  CAPABILITY  OF  CANDIDATE 
ROTOR  CONFIGURATIONS  RELATIVE  TO  BASELINE 


Gross  Weight  = 3200  Lb  Pressure  Altitude  = 4000  Ft 

Rotor  Tip  Speed  = 655  Ft/Sec  Free  Air  Temperature  = 95°F 

Baseline  Rotor  = Rectangular  Planform  NACA  0012  Airfoil 
Section  ocT  = -039 


I 


I 


I 


Planform 

Twist  Distribution 

^CT 

Linear  Taper  6:1  Taper 
Ratio 

-.23  Deg/In.  Inboard 
-.03  Deg/ In.  Outboard 

.030 

Linear  Taper  4:1  Taper 
Ratio 

-.25  Deg/In.  Inboard 
-.03  Deg/ In.  Outboard 

.030 

Linear  Taper  2:1  Taper 
Ratio 

-.22  Deg/In.  Inboard 
-.03  Deg/In.  Outboard 

.030 

Dual  Taper 

-.33  Deg/In.  Inboard 
-.04  Deg/ In.  Outboard 

.030 

Dual  Taper 

-.038  Deg/ In. 

.030 

Dual  Taper 

-.057  Deg/In. 

.030 

Dual  Taper 

-.10  Deg/In.  Inboard 
-.031  Deg/ In.  Outboard 

.030 

Dual  Taper 

-.12  Deg/ In.  Inboard 
-.021  Deg/In.  Outboard 

.030 

Linear  Taper  2:1  Taper 
Ratio 

-.038  Deg/ In. 

.030 

Linear  Taper  2:1  Taper 
Ratio 

-.057  Deg/In. 

.030 

Performance 

Change 

% 


TABLE  2.  SUMMARY  OF  HOVER  PERFORf-IANCE  CAPABILITY  OF  CANDIDATE 
ROTOR  CONFIGURATIONS  RELATIVE  TO  BASELINE  (continued) 


No. 

Planform 

Twist  Distribution 

°CT 

Performance 

Change 

% 

11 

Linear  Taper  2:1  Taper 
Ratio 

-.19  Deg/In.  Inboard 
-.014  Deg/In.  Outboard 

.030 

1.9 

12 

Linear  Taper  2:1  Taper 
Ratio 

-.22  Deg/In.  Inboard 
-.034  Deg/In.  Outboard 

.030 

2.4 

13 

Dual  Taper 

-.10  Deg/In.  Inboard 
-.031  Deg/Irl.  Outboard 

.045 

-2,3 



14 

Dual  Taper 

Same  as  Config  No.  13 

.041 

-1.2 

15 

Dual  Taper 

Same  as  Config  No.  13 

.036 

0 

16 

Dual  Taper 

Same  as  Config  No.  13 

.033 

1,3 

17 

Dual  Taper 

Same  as  Config  No.  13 

.030 

2.0 

18 

Dual  Taper 

-.057  Deg/In. 

.036 

1.3 

19 

Linear  Taper  2:1  Taper 
Ratio 

-.21  Deg/In.  Inboard 
-.025  Deg/In.  Outboard 

.037 

0.6 

20 

Linear  Taper  2:1  Taper 
Ratio 

Same  as  Config  No.  18 

.034 

1.4 

21 

Linear  Taper  2:1  Taper 
Ratio 

Same  as  Config  No.  18 

.030 

1,8 

22 

1 

Linear  Taper  2:1  Taper 
Ratio 

Same  as  Config  No.  18 

m 

2,0 

23 

Linear  Taper  2:1  Taper 
Ratio 

Same  as  Config  No.  18 

■ 

0.5 
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Comparative  Performance 

Nondi mens i onal i zed  hover  performance  obtained  for  the  selected  configura- 
tion is  presented  in  Figure  19.  All  data  shown  in  this  and  previous  graphs 
includes  only  main  rotor  power  requirements.  For  the  complete  aircraft, 
the  tail  rotor  power,  accessory  power  and  gearing  losses,  as  well  as  the 
fuselage  vertical  drag,  must  be  considered. 

Fuselage  vertical  drag  is  a function  of  the  rotor  thrust.  It  is  accounted 
for  by  increasing  the  thrust  coefficient  at  a given  gross  weight  by  a spe- 
cified factor  of  1 .02. 

The  total  is  written: 

SHP  = MRHP  + TRHP  + ACHP 

n 

Flight  experience  indicates  that  the  tail  rotor  horsepower,  TRHP,  is  close 
to  10%  of  the  main  rotor  power,  MRHP,  for  normal  hover  conditions.  Since 
the  tail  rotor  power,  treated  as  a percentage  of  main  rotor  power,  has  no 
influence  in  the  power  comparison  between  various  main  rotor  configurations, 
this  value  is  used  throughout  the  analysis.  The  accessory  power  is  speci- 
fied at  12.74  horsepower  and  a power  transmission  loss  of  1 %/mesh  is 
assumed.  For  three  meshing  gears,  the  transmission  efficiency,  n,  is  .97. 
Then, 


rnn  _ 1.1  MRHP  + 12.74 
bHI-'  = 

The  main  rotor  horsepower  is  calculated  from  the  nondimensional ized  main 
rotor  power  coefficient  presented,  typically,  in  Figure  19  as  a function  of 
the  thrust  coefficient. 

The  overall  helicopter  hover  performance,  calculated  according  to  the  fore- 
going discussion,  is  presented  in  Figure  20  for  the  0H-58C/A  with  the  com- 
posite rotor  and  with  the  standard  rotor.  Data  included  in  Figure  20  illus- 
trates the  hover  performance  as  it  is  presented  in  the  0H-58C  Detail  Speci- 
fication (Reference  3).  This  performance  shows  excellent  agreement  with 
the  performance  determined  from  flight  test  and  reported  in  Reference  4. 


T.  Hill,  David  A.,  DETAIL  SPECIFICATION  FOR  THE  0H-58C  HELICOPTER  INTERIM 
SCOUT,  BHC  206-947-203,  Bell  Helicopter  Company,  Fort  Worth,  Texas, 
September  1975. 

4.  Yamakawa,  George  M. , and  Watts,  Joseph  C.,  AIRWORTHINESS  AND  FLIGHT 
CHARACTERISTICS  TEST,  PRODUCTION  0H-58A  HELICOPTER,  UNARMED  AND  ARMED 
WITH  XM27E1  WEAPON  SYSTEM,  USSAASTA  68-30,  U.  S.  Army  Aviation  Systems 
Test  Activity,  Edwards  Air  Force  Base,  California,  September  1970, 
AD875793L. 
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Baseline  configuration 
Composite  rotor  configuration 


Figure  19.  Nondimensional  hover  performance 
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Figure  20.  Hover  performance  comparison 


The  performance  of  the  0H-58C/A  with  the  composite  rotor  installed  is  cal- 
culated for  the  dual  taper  blade  with  - 12“  linear  twist.  Equivalent  rotor 
solidity  is  0.036  based  on  integrated  thrust.  The  VR-7  airfoil  section 
characteristics  were  Government-furnished.  Lift  and  drag  coefficients  are 
given  as  a function  of  angle  of  attack  at  various  Mach  numbers  covering  the 
range  of  operation  considered  in  this  study.  These  data  agree  very  well 
with  data  measured  in  the  Boeing-Vertol  wind  tunnel  where  the  maximum  sec- 
tion lift  coefficient  is  corrected  for  sidewall  effects  as  indicated  in 
Reference  5. 

The  calculated  hover  performance  with  standard  main  rotor  was  determined 
using  the  NACA  0012  and  the  NPL  9615  section  aerodynamic  characteristics. 

The  NACA  0012  lift  and  drag  coefficients  were  supplied  by  the  customer  for 
a wide  range  of  section  angles  of  attack  at  various  Mach  numbers.  They  are 
based  on  measurements  made  in  the  Langley  6-  x 19-inch  transonic  wind  tunnel 
and  reported  in  Reference  5 with  appropriate  correction  to  the  maximum  lift 
coefficient  for  tunnel  sidewall  effects.  The  baseline  configuration  is 
designated  as  that  which  utilizes  the  0H-58C/A  standard  rotor  with  the  spe- 
cified NACA  0012  aerodynamic  characteristics. 

As  discussed  previously,  the  actual  blade  section  of  the  0H-58C/A  is  simi- 
lar to  the  British  NPL  9615,  particularly  in  the  portion  forward  of  the  35% 
chord  point.  In  view  of  this  similarity,  the  hover  performance  of  the 
0H-58C/A  with  the  standard  rotor  was  estimated  using  blade  section  charac- 
teristics for  the  NPL  9615  airfoil  listed  in  Reference  2. 

Comparison  of  the  calculated  and  measured  performance  of  the  0H-58C/A  is 
illustrated  in  Figure  20.  The  calculated  performance  with  the  baseline 
specification  performance  over  a wide  range  of  gross  weight  and  atmospheric 
conditions.  A 7%  improvement  in  performance  at  the  specified  reference 
condition  is  achieved  by  the  composite  rotor  relative  to  the  measured  per- 
formance of  the  standard  rotor.  This  is  due  primarily  to  the  increase  in 
the  lift-to-drag  ratio  exhibited  by  the  VR-7  airfoil  relative  to  the  NPL 
9615. 

Detailed  comparison  of  the  aerodynamic  characteristics  of  the  VR-7  and  the 
NACA  0012  airfoil  shows  no  significant  drag  differences  until  the  angle  of 
attack  for  maximum  lift-to-drag  ratio  is  approached.  At  this  point,  the 
VR-7  begins  to  exhibit  a slight  advantage  primarily  because  of  the  camber. 

At  low  thrust  loading,  therefore,  any  performance  difference  existing 
between  the  baseline  and  composite  rotor  configurations  is  attributed  to 
planform  variation.  As  shown  previously,  this  is  a very  small  increment 
even  for  large  deviations  from  the  rectangular  planforms  of  the  standard 
0H-58C/A  rotor  blade. 


5.  Noonan,  Kevin  W.,  and  Bingham,  Gene  J.,  TWO-DIMENSIONAL  AERODYNAMIC 
CHARACTERISTICS  OF  SEVERAL  ROTORCRAFT  AIRFOILS  AT  MACH  NUMBERS  FROM 
0.35  TO  0.90,  NASA  TM  X-73990,  January  1977. 
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Comparative  level  forward  flight  performance  for  the  baseline  and  the  com- 
posite rotor  configurations  is  presented  in  Figure  21.  At  low  thrust  coef- 
ficients and  airspeeds  there  is  essentially  no  difference  in  performance. 
This  is  consistent  with  the  hover  results  where  only  a small  improvement  in 
performance  is  predicted  due  to  the  composite  rotor.  At  speeds  beyond 
transition,  the  composite  rotor  begins  to  show  improvement  relative  to  the 
baseline  configuration,  and  the  improvement  increases  with  increasing  rotor 
loading.  This  result  is  expected  in  view  of  the  improved  lift-to-drag 
ratio  and  the  higher  maximum  lift  coefficient  exhibited  by  the  VR-7  airfoil 
relative  to  the  NACA  0012. 

As  in  the  hover  comparison,  forward  flight  performance  for  the  standard 
main  rotor  was  also  calculated  using  the  NPL  9615  section  aerodynamic  char- 
acteristics. In  this  case,  the  agreement  of  the  calculated  performance 
with  that  reported  in  Figure  11  of  Reference  3 is  not  as  good  as  in  the 
hover  case,  but  it  is  significantly  improved  over  that  shown  using  the  NACA 
0012  aerodynamic  data. 

Aerodynamic  Characteristics  Distribution 

Table  4 summarizes  the  distribution  of  the  aerodynamic  characteristics  with 
respect  to  spanwise  location  on  the  blade  for  the  baseline  and  composite 
rotor  configurations.  Note  that  the  last  three  columns  in  the  table  are 
proportional  to  the  thrust  and  the  induced  and  profile  torque  loading  dis- 
tributions, since 
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Pressure  altitude  = 4000 
Free  air  temperature  = 9 
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Forward  flight  performance  comparison 


TABLE  4.  SPANWISE  DISTRIBUTION  OF  AERODYNAMICS  HOVER  CHARACTERISTICS 
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DESIGN  CONSIDERATIONS.  CONFIGURATIONS  111,  211,  311.  122,  222.  322 


Structural  Description 

Three  basic  structural  areas  are  considered  in  the  design  of  a composite 
rotor  blade:  the  root  end  attachment,  the  basic  blade  section,  and  the  tip 
structure.  The  root  end  demands  the  most  innovative  design  approach,  since 
the  classical  composite  joint  problem  is  so  prominent.  The  clean  section 
design  is  largely  one  of  selecting  a manufacturing  technique  and  structural 
layout  that  is  simple,  efficient  and  economical.  In  essence,  the  clean 
section  determines  the  overall  fabrication  philosophy  for  the  blade.  The 
tip  has  termination  joints  and  is  likely  to  have  other  features  such  as 
balance  weights  and  inertia  weights.  The  tip  planform,  which  is  an  aero- 
dynamic requirement,  and  the  manufacturing  procedures  exert  significant 
influence  on  the  overall  tip  configuration. 

Since  the  first  two  screening  levels  reduced  the  number  of  configurations 
to  six,  each  of  the  remaining  will  be  discussed  in  detail.  Sketches  of  the 
configuration  elements  appear  in  Figures  5 through  8. 

Configuration  111.  Configuration  111  consists  of  a K747  (Kaman  AH-1)  type 
root  attachment,  a filament-wound  spar  with  Nomex  core  afterbody  and  spline, 
and  a cast  steel  tip  Nomex  afterbody  and  spline.  This  root  end  allows  the 
composite  blade  to  terminate  inboard  in  multiple  structural  bows  which  are 
adapted  by  an  aluminum  root  fitting  to  the  OH-58  main  retention  yoke.  The 
adapter  results  in  two  joints:  one  between  the  composite  and  the  adapter, 
and  the  other  between  the  adapter  and  the  yoke.  Since  the  weight  and  cost 
impact  of  the  adapter-fitting  is  substantial,  it  must  be  as  short  and  com- 
pact as  possible.  This  results  in  short,  tortuous  load  paths  with  atten- 
dant substantial  stress  configuration  concentration  effects  which  must  be 
dealt  with. 

Because  the  root  fitting  must  react  chordwise  bending,  as  well  as  flapwise 
bending  and  centrifugal  force,  it  is  a more  severe  application  than  it  was 
for  the  AH-1  blade.  Also,  it  has  the  potentially  detrimental  effect  of 
moving  the  first  clean  aerodynamic  section  somewhat  further  outboard.  The 
chief  advantage  lies  in  that  it  allows  design  freedom  of  the  composite  end 
of  the  blade.  The  filament-wound  spar  is  a simple  single  cell  with  an 
integrally  wound  structural  leading  edge  balance  weight  (Figure  6).  The 
carved  Nomex  afterbody  is  foam-adhesive  attached  to  the  back  of  this  spar 
with  upper  and  lower  skins  forming  the  top  and  bottom  plates.  A trailing 
edge  spline  is  sandwiched  between  the  skins  and  bonded  to  the  aft  surface 
of  the  Nomex  core.  The  tip  configuration  employs  a cast  steel  "permanent" 
mandrel  to  provide  inertia  properties.  Spar  and  afterbody  are  similar  to 
the  clean  section  in  description. 

Configuration  122.  The  root  fitting  adapter  is  coupled  to  a filament-  j ■ 

wound  spar/pu1 truded  afterbody  clean  section.  Configuration  2 clean  sec- 
tion has  a somewhat  lighter  section  spar  due  to  the  increased  properties  | 
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provided  by  the  pul  traded  afterbody.  However,  because  of  the  heavy  after- 
body, a considerably  larger  nose  balance  weight  is  required.  Thus,  this 
becomes  a relatively  heavy  section.  Since  pressure  must  be  applied  inter- 
nally to  bond  the  pul  traded  afterbody  to  the  spar,  it  is  necessary  for  the 
afterbody  to  be  open  at  each  end.  Therefore,  tip  configuration  number  2 
provides  a fully  cured,  removable,  molded  afterbody  as  a closure. 

Configuration  211.  The  root  attachment  is  all  composite,  excepting 
bushings,  washers,  etc.  This  root  end  greatly  resembles  the  present  blade, 
having  a substantial  wall  thickness  buildup  of  carbon-graphite  and  S-glass 
to  sustain  the  high  structural  requirements.  The  clean  section  includes  a 
filament-wound  single  cell  spar  with  Nomex  afterbody  and  trailing  edge 
spline.  The  tip  configuration  incorporates  the  steel  tip  weight  with  Nomex 
core  afterbody  and  trailing  edge  spline.  This  configuration  is  one  of  the 
simplest,  with  low  fabrication  development  risk. 

Configuration  222.  This  has  an  all -composite  root  end,  excepting  bushings, 
washers,  etc.  The  clean  section  consists  of  a filament-wound  spar  with  a 
pultruded  afterbody.  The  tip  has  the  filament-wound  cast  steel  inertia 
weight  and  molded  afterbody  pieces. 

Configuration  311.  Root  end  configuration  3 consists  of  a broom- type  com- 
posite  root  end  with  an  auxiliary  aluminum  drag-brace  structure  to  react 
chordwise  shear  and  moments.  The  metallic  parts  are  in  three  pieces:  a 
drag  strut  cross-member,  a drag-brace  diagonal  member,  and  an  internal 
reacting  member  which  is  attached  at  the  main  retention  pin  and  extends 
inboard  to  react  edgewise  shears  at  the  blade  latch.  The  broom  is  a uni- 
axial filament  winding  which  is  consolidated  into  the  basic  blade  section. 
The  clean  section  is  a filament-wound  spar  with  Nomex  core  and  trailing 
edge  spline,  and  the  tip  consists  of  the  filament-wound  spar  containing  the 
cast  steel  weight  with  a continuation  of  the  Nomex  core  and  trailing  edge 
spline. 

Configuration  322.  This  configuration  has  a broom-type  composite  root  end 
with  auxiliary  drag-brace  structure.  The  clean  section  is  a basic  filament- 
wound  spar  with  a pultruded  afterbody,  and  the  tip  has  a filament-wound 
spar  containing  the  inertia  weight  with  a molded  afterbody. 

Materials  Consideration 


Materials  and  manufacturing  process  trade  studies  were  performed  in  con- 
junction with  the  mutually  dependent  design  and  performance  evaluations. 
Characteristics  of  the  dry  fibers,  matrices  and  fabrication  methods  con- 
sidered are  as  follows: 

Fiber  Characteristics 


• E-glass  is  lowest  in  cost.  It  has  low  strength  and  modulus 
and  high  density  with  very  good  inherent  damage  tolerance  and 
fatigue  characteristics. 
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• S-glass  is  still  a low  cost  material,  although  it  is  pres- 
ently approximately  2-1/2  times  E-glass  costs.  Modulus 
and  strength  are  significantly  higher.  Density  is  slightly 
lower.  Damage  tolerance  and  crack  propagation  properties 
are  very  good.  Fatigue  strengths  are  higher  than  E-glass. 

• Kevlar  29  is  a moderate  cost  material  at  seven  to  eight 
times  the  cost  of  E-glass.  The  modulus  is  similar  to  S- 
glass,  but  density  is  substantially  lower  than  the  glass 
fibers.  Although  tensile  strengths  are  moderately  high, 
compressive  strengths  are  very  low.  Fatigue  properties  are 
undocumented,  but  damage  tolerance  and  crack  propagation 
are  believed  to  be  similar  to  glass. 

• Kevlar  49  is  a moderate  cost  material  at  eight  to  nine 
times  the  cost  of  E-glass.  The  modulus  is  high  and  the 
density  quite  low,  yielding  a very  favorable  st'ffness/ 
weight  ratio.  Tensile  strength  is  high,  but  compressive 
strength  is  low.  Damage  tolerance  and  crack  propagation 
characteristics  are  slightly  poorer  than  glass,  but  sub- 
stantially better  than  graphite.  Fatigue  strength  is 
greater  than  glass.  Processing  is  slightly  more  difficult. 

• Moderate  modulus  graphite  is  moderately  high  in  cost  at 
about  20  times  E-glass.  The  modulus  is  about  three  times 
S-glass  and  50%  greater  than  Kevlar  49.  This  material  has 
substantially  poorer  damage  tolerance  and  crack  propagation 
characteristics  than  glass.  Tensile  strength  is  moderately 
high,  but  fatigue  strength  is  substantially  greater  than 
glass  or  Kevlar.  Graphite  is  a conductive  material. 

• High  modulus  graphite  is  high  in  cost,  but  has  a very  high 
modulus.  Tensile  strength  is  lower  than  glass,  but  fatigue 
strength  is  very  high.  Damage  tolerance  is  poor.  High 
modulus  graphite  material  is  conductive. 

t Boron  is  very  costly.  It  has  a high  modulus  and  possesses 
higher  compression  strength  than  other  fibers.  Boron  is 
also  a conductive  material. 

In  consideration  of  the  desire  to  have  low  costs,  excellent 
damage  tolerance  and  low  crack  propagation  rates,  it  is 
apparent  that  fiberglass  is  the  optimum  material  if  dynamic, 
structural  and  weight  objectives  can  be  met.  Weight,  bal- 
ance and  dynamic  requirements  can  be  effectively  adjusted 
by  judicious  use  of  Kevlar  49.  Graphite  and  boron  will 
adversely  affect  the  cost  and  weight  needed  to  achieve 
adequate  lightning  protection  and  reduced  radar  cross  sec- 
tion. Because  of  this,  their  use  will  be  limited  to  areas 
where  local  stiffening  or  strengthening  is  required. 
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Matrix  Characteristics 


• Epoxy  matrices  have  a long  history  of  use  in  aircraft  struc- 
tural components.  The  processing  characteristics,  environ- 
mental response,  and  fatigue  performance  of  epoxy  matrix 
composites  are  well  understood.  Evolutionary  application 

of  epoxies  to  main  rotor  blades  began  in  the  early  1950s 
with  such  components  as  skins  and  local  reinforcements.  A1 1 - 
composite  blades  using  epoxy  matrices  are  now  in  production 
by  Kaman  and  others. 

• Polyester  resin  matrix  fiberglass  composites  have  been  used 
extensively  in  commercial  applications  and  in  some  nonstruc- 
tural  aircraft  components,  such  as  fairings.  Their  chief 
drawback  is  lower  fiber/resin  bonding  strength  than  epoxies, 
with  attendant  poorer  fatigue  characteristics.  Adequate 
design  fatigue  data,  particularly  under  severe  environmental 
conditions,  is  not  available,  and  a substantial  fatigue  char- 
acterization effort  would  be  required  in  advance  of  a blade 
design  in  order  to  minimize  technical  risk.  Raw  material 
costs  are  somewhat  lower  than  epoxies  and  fabrication  char- 
acteristics better  suited  to  some  fabrication  methods  of 
interest,  particularly  pultrusion. 

• Recently  developed  polysulfone  thermoplastic  matrices  offer 
promise  of  low-cost  composite  fabrication  for  some  struc- 
tural configurations.  Material  fabrication  characteristics 
are  similar  to  epoxy  prepregs,  except  for  shortened  thermal 
cycles,  and  do  not  appear  advantageous  for  major  blade  com- 
ponents, such  as  spars.  The  process  is  advantageous  in 
making  formed  parts  from  reinforced  sheets.  It  does  not 
harmonize  with  an  overall  spar  fabrication  scheme.  Again, 
fatigue  performance  is  inadequately  characterized  for  blade 
design,  and  a major  material  test  program  would  be  required. 

Fabrication  Methods 


• Filament  winding  is  a proven,  automated  method  of  blade 
fabrication  which  uses  low-cost  raw  materials  (basic  fiber 
and  resin). 

• Braiding  is  promising  as  a high-laydown  rate,  low-cost 
method  of  fabrication.  Available  equipment  limits  the  spar 
circumference/fiber  orientation  obtainable,  but  in  the  future, 
it  appears  suitable  for  a blade  of  OH-58  size.  Unknowns  pose 
high  risk  for  production  blade  development  programs,  but 
braiding  appears  worthy  of  further  study  and  development. 
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• Pultrusion  appeared  attractive  as  a low-cost  method  for 
producing  blade  afterbodies  and  was  the  subject  of  major 
evaluation.  The  present  state-of-the-art  was  found  to 
impose  severe  restrictions  on  the  section  thickness,  shapes 
and  fiber  orientations  attainable,  and,  therefore,  on 
design  efficiency.  Further,  most  pultrusion  experience 
is  with  polyester  resins.  Both  the  use  of  polyester  resins 
in  blade  designs  and  the  use  of  epoxy  resins  in  complex 
pultrusions  are  considered  to  involve  significant  develop- 
ment and  technical  risk. 

t Prepreg  layup  is  the  conventional  low  risk  method  of  com- 
posite manufacture.  Continuing  evaluation  of  automatic 
layup  technology  and  prepreg  costs  leads  to  the  conclusion 
that  prepreg  fabrication  of  major  blade  components,  such 
as  spars,  is  incompatible  with  the  Army's  cost  goals. 

Materials  and  Fabrication  Trade  Selections 


Preliminary  stress  analysis  and  section  property  calculations  indicated 
that  combinations  of  E-glass  and  S-glass  were  optimum  material  for  the 
basic  spar  cross  section.  An  epoxy  matrix  was  selected  because  of  high 
strength,  relatively  low  cost  and  good  damage  tolerance.  In  configuring 
the  pultrudea  afterbody,  it  became  apparent  that  weight  was  a serious  prob- 
lem since  minimum  section  thickness  must  be  at  least  .045  inch.  In  order 
to  keep  this  configuration  competitive,  it  was  necessary  to  specify  Kevlar 
29  for  the  pultrusion.  Kevlar  29  was  selected  over  Kevlar  49  because  of 

3 

lower  cost.  For  the  conventional  afterbody,  a 1.5  Ib/ft  Nomex  core  was 
selected  with  S-glass  filament-wound  cross-ply  skins  for  plates.  The 
trailing  edge  spline  is  made  from  E-glass.  For  structural  reasons,  inter- 
spersed layers  of  cross-ply  graphite  are  included  at  the  root  end  configu- 
ration 2.  A stainless  steel  casting  was  selected  as  a tip  ballast  member 
for  all.  This  provides  corrosion  protection  and  promotes  better  bonding. 
Aluminum  alloy  7049  was  selected  for  configuration  1 root  end. 

Wet  filament  winding  was  selected  for  all  six  candidates  because  of  its  low 
cost  and  advanced  state  of  development.  Braiding  appears  to  be  a quite 
attractive  alternative,  although  there  is  not  presently  a machine  capable 
of  producing  a spar  perimeter  as  large  as  that  of  the  OH-58  with  +45° 
fibers.  Pultruding  appeared  to  be  very  cost  competitive.  The  necessity 
of  having  straight  uniform  sections  limited  its  possibilities,  however. 
Configurations  122,  222  and  322  mated  a uniform  section  pultruded  afterbody 
to  a slightly  tapered  spar  inboard  of  station  180.  The  large  amount  of 
development  required  and  the  possibility  of  having  to  compromise  the  cross 
section  to  facilitate  pultruding  puts  this  process  in  the  category  of  "mod- 
erate risk."  The  other  fabrication  methods  were  discarded  due  to  unfavor- 
able cost  factors. 


Material  Properties 


Design  allowables  for  metallic  parts  were  derived  from  MIL-HDBK-5  where 
necessary.  Composite  properties  orginate  with  test  data  obtained  from  very 
similar  materials  and  actual  fatigue  levels  attained  in  the  composite  AH-1 
blade.  These  data  were  obtained  under  severe  temperature  and  humidity  con- 
ditions. Static  properties  appear  in  Table  5 for  S-2  fiberglass. 

Fatigue  properties  are  shown  in  Figures  22  and  23  for  S-  and  E-glass.  The 
S-glass  values  were  conservatively  used  for  Kevlar  materials  also.  Criti- 
cal strain  points  in  the  composite  AH-1  blade  were  used  to  determine  an 
endurance  limit  point  for  each  material.  The  Goodman  diagram  was  con- 
structed using  the  curve  shapes  from  Reference  6 as  a guide.  The  selected 
points  are  based  on  a conservatively  determined  endurance  limit,  having 
experienced  no  failures,  for  the  AH-1  composite  spar.  All  configurations 
were  sized  using  these  properties. 

Structural  Requirements 

Preliminary  stress  analysis  was  performed  to  define  the  required  structure 
for  the  six  remaining  configurations.  The  structural  requirements  are  sum- 
marized as  follows: 

t Structural  compatibility  must  be  maintained  with  existing 
0H-58C/A  main  rotor  hardware.  The  Bell/Kaman  interface 
is  identified  at  the  retention  yoke  (206-010-102),  blade 
retention  bolt  (206-010-152)  and  the  blade  latch 
(206-010-121  ). 

• The  limit  load  condition  is  defined  for  a 3200-lb  helicop- 
ter with  vertical  accelerations  of  2.5  G to  - .5  G applied 
as  appropriate.  Maneuver  cases  derive  from  MIL-S-8698. 

• A minimum  fatigue  life  of  3600  hours  is  required.  In 
determining  fatigue  lives,  all  material  properties  are 
to  be  documented  and  validated  with  considerations  made 
for  damage  tolerance,  thermal  effects  and  environmental 
effects. 




McKenzie,  F.  G. , HLH/ATC  ROTOR  SYSTEM  STRUCTURAL  SUBSTANTIATION 
REPORT,  Boeing-Vertol  Report  D301 -10227-1 , Boeing  Company,  Vertol 
Division,  Morton,  Pennsylvania,  July  1973. 
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Figure  23,  Fatigue  properties,  +^45°  S-glass. 


Static  Load  Considerations 


A review  of  calculated  maneuver  load  cases  in  Reference  7 indicated  that 
conditions  III  and  IX  were  critical  for  the  Kaman  blade.  Preliminary  loads 
for  these  cases  were  determined  as  follows.  For  limit  beam  moment,  the 
values  shown  on  page  2.08  of  Reference  8 were  adjusted  to  a 3200-lb  GW/ 

2.5  G basis  by  multiplying  ell  values  by  2.5/2.34.  This  results  in  Figure 
24.  Since  chord  moments  are  affected  by  tension  beam  effects  due  to  CG/ 
neutral  axis  offsets,  they  are  considered  unique  to  each  blade.  Therefore, 
only  a drag  load,  distributed  over  the  outer  3/4  span,  was  considered  for 
preliminary  purposes.  The  resulting  calculated  limit  chord  moment  distri- 
bution appears  in  Figure  25.  Limit  blade  torque  (pitching  moment)  was 
estimated  using  the  limit  pitch  link  load  reported  in  Reference  8 and  an 
estimated  moment  distribution  based  on  the  similar  K747  AH-1  blade.  The 
resulting  torque  distribution  is  shown  in  Figure  26.  Centrifugal  force 
was  calculated  for  configuration  111  which  was  first  to  be  completely  drawn 
and  weighted.  The  resulting  CF  distribution  appears  in  Figure  27.  These 
loads  were  used  in  all  preliminary  static  analyses. 

Fatigue  Load  Considerations 

It  was  desired  to  derive  fatigue  load  criteria  which  could  be  used  for 
blade  design.  Loads  thus  used  must  insure  that  the  desired  3600-hour  life 
can  be  achieved.  Therefore,  the  preliminary  fatigue  analyses  were  performed 
to  insure  adequate  life.  The  specified  flight  profiles  appear  in  Tables  6 
and  7.  To  employ  a schedule  of  this  type,  it  must  be  recognized  that  cal- 
culated life  is  inversely  proportional  to  the  time  accrued  in  accelerated 
flight  maneuvers,  resulting  in  loads  above  the  endurance  limit;  almost  all 
of  the  remaining  time  falls  at  or  below  this  limit.  A breakdown  of  the 
flight  profile  damage  appears  in  Tables  8 and  9. 

Preliminary  load  calculations  indicated  that  blade  bending  moments  are  pre- 
dicted to  be  somewhat  lower.  Therefore,  a conservative  approach  is  to 
select  fatigue  loads  from  data  available  in  flight  strain  survey  reports 
(Reference  9).  Although  the  Statement  of  Work  did  not  specify  a forward 
flight  performance  objective,  it  is  considered  unconservative  not  to  anti- 
cipate the  possible  effects  of  such  an  increase.  One  approach  would  be  to 


7.  Jordan,  G.  L.,  STRUCTURAL  DESIGN  CRITERIA  FOR  206A-1 /0H-58A,  BHC 
Report  206-099-200,  Bell  Helicopter  Corporation,  Fort  Worth,  Texas, 
August  1968. 

8.  Clinard,  R.  L. , LOAD  DETERMINATION  AND  STRUCTURAL  ANALYSIS  OF  THE 
206-011-001-3  MAIN  ROTOR  HUB  AND  BLADE  ASSEMBLY  FOR  THE  206A-1  HELI- 
COPTER, BHC  Report  206-099-107,  Bell  Helicopter  Corporation,  Fort 
Worth,  Texas,  January  1969. 

9.  Martin,  Bill,  MODEL  206A-1  CERTIFICATION  FLIGHT  LOAD  SURVEY,  VOLUME  II 
OF  VI,  BHC  Report  206-194-062,  Bell  Helicopter  Corporation,  Fort  Worth, 
Texas,  April  1969. 
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Figure  27.  Preliminary  calculated  CF  distribution. 


TABLE  6.  FLIGHT  PROFILE 

Maneuver 

Peak 

Duration 

Exceedances 

Nz  (g) 

at  g 

per 

at  CG 

(Sec) 

3600  Hours 

2.50 

1 .7 

90 

2.25 

2.8 

225 

2.00 

4.0 

819 

1 .90 

4.7 

1800 

1 .80 

5.6 

3748 

1.70 

6.6 

9999 

1 .60 

8.2 

24997 

1.50 

10.0 

64287 

1 .40 

11.1 

128565 

1.30 

11.7 

225000 

1.20 

12.2 

374985 

0.80 

4.7 

45000 

0.70 

4.1 

6133 

0.60 

3.5 

1363 

0.50 

3.1 

643 

0.40 

2.8 

207 

0.30 

2.6 

90 

0.20 

2.3 

42 

0.00 

2.0 

20 

NOTES;  1. 

64  percent 

of  maneuvers  shal  1 

be  asymiietrical  maneuvers. 

36  percent  of  maneuvers  shall 

be  synmetrical  maneuvers. 

2. 

Climb  and 

descent  time  shall  be  distributed  as  follows: 

5 percent  of  level  fl ight/moderate  maneuvering  time  in 

ascending 

mode. 

8 percent  of  level  flight/moderate  maneuvering  time  in 

descending 

mode. 

3. 

The  average  time  per  maneuver. 

considering  all  types  of 

maneuvers , 

shall  be  in  accordance  with  the  time  at  g 

column. 

4. 

Life  shall 

be  divided  approximately  as  follows; 

69%  level 

flight  with  moderate 

maneuvering  (.80  - 1.20), 

20%  pull  up 

and  turn  maneuvers. 

and  11%  other  maneuvers 

(control  reversals,  acceleration/deceleration). 

5. 

Ground-Air 

-Ground  (GAG)  cycles 

should  be  added  to  the 

fatigue  spectrum  on  the  basis 

of  4 cycles  per  hour. 

TABLE  7.  EXCEEDANCE  PER  3600  HOURS 


TABLE  8.  TIME  DISTRIBUTION 


Time 

Condition 

N^  (Range) 

Load  Cond 

48.710 

Level  Flight 

.8  - 1.2 

1 (E.L.) 

69% 

Climb  and  Descent 

20.29 

Mod  Maneuver 

1.3 

1.08 

6 

Control  Reversals 

1.3 

1 .08 

11% 

Accelerations/ 

5 

Decelerations 

1.4 

1.17 

1 

.501 

Pull-Ups  and  Push-Overs 

1.3 

1 .08 

/ 

9.523 

1.4 

1.17 

1 

6.5424 

Asymmetrical  Maneuvers  (64%) 

1.5 

1.25 

1 

Left  & Right 

* 

2.086 

1.6 

1 .33 

.6716 

1.7 

1.42 

Symmetrical  Maneuvers  (36%) 

20%  ^ 

.2136 

1.8 

1.5 

.0861 

1 .8 

1.5 

.03339 

1.9 

1 .58 

.00641 

2.0 

1 .67 

.0015 

2.5 

2.08 

\ .33447 

.6 

-- 

100% 

TABLE  9.  FLIGHT  PROFILE  SUMMARY 


proportion  all  documented  beamwise  loads  by  the  3200/3000  thrust  increase 
ratio.  This  would  have  been  consistent  with  Figure  24.  Another  approach 
would  be  to  consider  that  a higher  forward  speed  coupled  with  intermediate 
gross  weights  usually  results  in  higher  beam  and  chord  bending  moments. 

Accordingly,  data  was  selected  from  Reference  9 for  124  knots  (Vu)  and 

3000  lb  GW,  CG  location  at  112.1  inches  and  6000  ft  density  altitude. 

These  curves  were  extrapolated  to  130  knots  using  the  prevailing  curve 
end-slope.  This  approach  yielded  higher  load  magnitudes  than  the  use  of 
3200/3000  thrust  ratio  on  the  same  data.  Fatigue  loads  thus  generated 
appear  in  Figures  28  and  29.  Steady  and  vibratory  blade  torques  (pitching 
moments)  were  derived  from  the  corresponding  extrapolated  pitch  link  load, 

Figure  30. 

Using  this  condition  as  an  endurance  limit  level  with  a life  of  100  x 10^ 
cycles,  a conservative  estimate  of  blade  life  for  all  configurations  may  be 
determined  using  the  S-N  curve  in  Figure  31  which  originates  in  Reference 
10.  The  damage  summation  and  resulting  calculated  life  is  shown  in  Table 
10  as  a minimum  value  of  4703  hours. 

Performance  j ( 

Since  all  six  configurations  could  attain  the  desired  performance,  no 
trade-off  distinction  was  made  among  them  and  a perfect  score  (9)  was 
assigned  to  each. 

Reliability  and  Maintainability 

As  a preliminary  step  for  decision-making  purposes,  a ranking  procedure  was 
used  considering  the  overall  reliability  and  maintainability  objectives. 

These  objectives  are  summarized  in  Table  11.  The  results  of  this  qualita- 

tive ranking  appear  in  Table  12.  The  only  significant  variation  appears 
for  Maintenance  Man-Hour/Fl ight  Hour  which  is  dependent  on  the  number  of 
mechani  il  joints  to  inspect  and  maintain.  Thus,  configuration  322,  which 
has  a arag-brace  and  molded  tip  pieces,  has  a low  score.  No  score  (0)  was 

given  if  it  was  judged  that  an  objective  could  not  presently  be  met. 

Radar  Reflectivity 

From  Kaman's  experience  with  the  AH-1  composite  blade,  it  was  concluded 
that  any  of  the  six  candidate  configurations  could  be  modified  to  a minimum 
radar  signature  which  would  be  approximately  the  same.  Therefore,  an  arbi- 
trary score  of  7 was  assigned  to  each. 


i 

I 

10.  Hardersen,  C.  P. , FINAL  STRESS  ANALYSIS  OF  K747  MAIN  ROTOR  BLADE  FOR 
AH-IQ/S  HELICOPTER,  Kaman  Report  S230-1 , Kaman  Aerospace  Corporation, 

Bloomfield,  Connecticut,  June  1977. 
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Figure  28.  OH-58  beam  moment  distribution,  forward  flight 
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Figure  29.  OH-68  chord  moment  distribution  vs  span. 


Figure  31.  S-N  curve  composite  blade. 


% 

Time 

48. 

,71 

26 

,791 

14 

,523 

6 

,5425 

2 

.086 

.672 

.2136 

.0861 

.03339 

,00641 

.00151 

.33447 

100 

Limit 
tipi ier* 

1 

1 

1 

1 

1 

1 

1 

1 

1 .053 
1.1842 
1 .316 
1 


10346.0 

5690.4 

3084.7 

1389.6 

443.06 

142.6 
45.4 
18.3 

7.2 

1.36 

.32 

71.0 


.0002116 


.00000013 

.00000011 

.00000006 

.00000071 

.00021261 


*A  study  of  Reference  9 indicates  that  critical  cyclic  beam  moments 
do  not  exceed  the  condition  up  to  g levels  of  1.9  g and  down  to 

-.5  g.  Therefore,  the  multiplier  is  calculated  as  Nz/1.9. 


TABLE  ]].  RELIABILITY  AND  MAINTAINABILITY  OBJECTIVES 


Reliability 

1.  FSR  > .999998 

2.  90%  Ps  Surviving  inherent  failure  modes  for  3600  hours 

3.  MTBUM  Due  to  inherent  failures  ^ 1500  hours 

Maintainability 

1.  MMH/FH  < .01  man-hour/flight  hour 

2.  95%  Pc  Field  level  repairs  in  3 hours 

3.  Pr  Probability  of  repair  required  above  field  level  _<  20% 

4.  Minimum  tools 

5.  Skill  levels  per  Army  67N20  MOS  personnel 

6.  "On  Aircraft"  repairs  desired 

7.  Single  repair  kit  desirable/repair  task 

8.  Repai rabi 1 i ty  compatible  with  field  level  tools  for 
7.62mm  API  damage 

9.  Spar  repairability  desired  (it  is  likely  that  items  3 
and  8 above  would  not  be  met) 


Ballistic  Survivabilit 


Preliminary  estimates  of  a 23mm  API  threat  damage  to  the  six  configurations 
were  the  basis  for  comparison.  A kill  probability  (Pj^)  was  calculated  for 

each  candidate  based  on  the  threat-zone  partitioning  shown  in  Figure  32.  A 
score  was  assigned  inversely  proportional  to  the  lowest  of  the  group  for 

decision-making  purposes.  Table  13  presents  comments  relative  to  the  bal- 
listic properties  of  each  configuration.  Table  14  provides  the  preliminary 
dimensional  parameters  needed  for  calculation  purposes.  Table  15  lists 
element  kill  probabilities,  and  Table  16  summarizes  the  overall  kill  prob- 
ability and  effective  score. 

Cost 

Preliminary  cost  estimates  were  performed  on  the  six  configurations.  The 
relative  cost  results  appear  in  Table  17  for  one  blade  of  3000  in  constant 
1976  dollars. 

Trade  Study  Results 

Table  18  presents  the  trade  study  results.  The  two  top  scoring  configura- 
tions, 111  and  211,  were  completed  in  layout  detail  and  are  illustrated  in 
Figures  33  and  34  and  Figures  2 and  3.  Configuration  111  was  of  particular 
interest  because  it  is  somewhat  similar  to  the  present  AH-1  composite  blade. 
However,  sever  requirements  are  imposed  on  the  aluminum  adapter  root- 
fitting in  the  case  of  the  Ori-58.  This  is  due  to  two  factors:  the  require- 
ment to  react  edgewise  bending  moments  and  the  requirement  to  accommodate 
blade  twist  locally  at  the  root  end.  These  increased  the  weight  complexity 
and  cost.  Pultruded  afterbodies  appear  to  offer  lower  costs;  however,  the 
increased  weight  and  higher  development  risk  militated  against  their  selec- 
tion at  this  time.  Configuration  211  is  clearly  the  winner  by  virtue  of 
its  simplicity,  low  cost,  low  weight  and  ballistic  survivability.  As  indi- 
cated, the  configuration  number  has  been  replaced  with  the  Kaman  757  desig- 
nation. 
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Figure  32.  Threat  zones. 


TABLE  13.  BALLISTIC  VULNERABILITY 


Config 

Comments 

in 

Will  defeat  7.62mm  API  at  nose  and  fittings.  Some  nose 
damage  to  maximum  depth  of  1 inch  for  12,7mm.  This  will 
decrease  life  somewhat,  but  life  for  Vh  condition  will  exceed 

500  hours.  23mm  API  will  destroy  nose  or  wipe  out  aft  wall. 
Outer  ears  on  aluminum  fitting  will  be  destroyed,  but  inner 
should  hold  leaving  3 attach  points  for  23mm  API.  Life  of  30 
minutes  is  potential,  but  not  certain. 

211 

The  nose  will  defeat  7.62mm.  12.7mm  will  yield  wall  damage 

but  Vh  life  should  exceed  500  hours.  23mm  API  will  destroy 
nose  and  wipe  out  aft  wall.  EIp  reduced  10  - 15%; 

GJ  reduced  20  - 30%;  EIq  reduced  3 - 5%.  Life  will  exceed 

30  minutes  for  all  hits. 

311 

Same  comments  apply  outboard  and  pinwrap  will  substantially 
defeat  22mm,  but  light  drag  brace  elements  are  critically 
defeated  by  12.7rnm. 

122 

Since  A.B.  provides  flatwise  and  edgewise  structure,  more 
critical  vulnerability  area  is  presented,  and  expected  lives 
are  reduced  over  111.  A tip  hit  could  cause  critical  unbalance 
for  12.7mm  and  23mm. 

222 

Afterbody  damage  effect  per  above  - tip  damage  coula  be  critical 
since  destructive  unbalance  would  occur.  Inboard  and  spar 
would  easily  meet  requirement. 

322 

Pinwrap  very  resistant  - Drag  brace  vulnerable  to  12.7mm  and 
23mm.  Above  comments  on  afterbody  and  tip  apply. 
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TABLE  15.  ESTIMATED  KILL  PROBABILITY  (P.)  DISTRIBUTION  FOR  23nim  API 
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Figure  33.  Root  end  details  - configuration  111. 
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Figure  34.  Tip  details  - configuration  111, 
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PRELIMINARY  DESIGN  PHASE  OF  SELECTED  CONFIGURATION 


Having  selected  a final  configuration,  there  remains  the  task  of  prelimi- 
nary design.  In  Task  I,  it  was  found  necessary  to  undertake  advanced  por- 
tions of  the  overall  effort  in  order  to  solidify  some  of  the  necessary  deci- 
sions, Because  of  this,  some  of  the  information  presented  under  Task  II  is 
revised  Task  I material  because  of  design  changes  or  more  detailed  consider- 
ations. References  to  work  accomplished  under  Task  I merely  indicate  the 
level  of  completion  of  activities  at  that  time.  The  results  of  the  trade 
study  phase  indicated  that  configuration  211  is  the  best  design.  This 
design  has  been  given  the  Kaman  designation  K757  which  will  be  used  for 
the  remainder  of  this  report. 

Preliminary  Performance  Analysis 

Hover  Performance.  The  nondimensional  hover  performance  of  the  K757  com- 
posite  rotor  blade  configuration  selected  as  a result  of  the  analyses  con- 
ducted under  Task  I requirements  has  been  expanded  to  include  a range  of 
ambient  temperatures  from  - 65°F  to  120°F,  corresponding  to  tip  Mach  num- 
bers varying  from  0.67  to  0.57.  The  relationship  between  the  shaft  power 
coefficient  and  rotor  thrust  coefficient  at  the  limiting  temperature  condi- 
tions appears  in  Figure  35.  The  effect  of  Mach  number  is  seen  to  be  small 
in  this  instance,  and  zero  airspeed  performance  can  be  modified  for  the 
composite  rotor  based  on  a linear  interpolation  between  the  two  temperature 
extremes  shown.  The  comparison  of  the  zero  airspeed  performance  achieved 
by  the  baseline  configuration  and  the  composite  rotor  configuration  is  pre- 
sented in  Table  19,  and  in  the  modified  curves.  Figures  36  and  37,  which 
compare  with  Figures  14  and  15  of  Reference  3. 

Forward  FI ight  Performance.  Nondimensional  forward  flight  performance  is 
presented  in  Figure  38  For  the  composite  rotor  configuration  in  terms  of 
the  shaft  power  coefficient  versus  the  thrust  coefficient  at  various  values 
of  the  rotor  tip  speed  ratio.  These  data  are  derived  from  the  performance 
shown  in  Figures  7 through  11  of  Reference  3 for  the  baseline  configura- 
tion. They  are  converted  to  the  composite  rotor  configuration  by  sub- 
tracting the  power  difference  obtained  from  Figure  39  which  compares  the 
nondimensional  forward  flight  performance  calculated  for  the  baseline  and 
composite  rotor  configurations. 

From  this  figure,  it  appears  that  the  performance  of  both  configurations  is 
essentially  equal  at  low  thrust  coefficients  from  transition  speed  to  maxi- 
mum speed  for  level  flight.  At  high  thrust  coefficients,  the  composite 
rotor  exhibits  a slight  advantage  up  to  speeds  approaching  80  kts  (p  = 0.2) 
and  an  increasing  advantage  at  higher  speeds.  It  is  therefore  conserva- 
tively assumed  that  the  specific  performance  maneuvers  conducted  at  low 
speed  are  unaffected  by  the  change  to  the  composite  main  rotor.  These 
maneuvers  include  the  maximum  rate  of  climb,  service  ceiling,  endurance  and 
all  but  the  hover  portions  of  the  mission  profile  described  in  Figure  13  of 
Reference  3.  At  speeds  above  80  knots,  the  effect  on  pertinent  performance 
is  determined  by  the  magnitude  of  the  thrust  coefficient. 
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TABLE  19.  PERFORMANCE  COMPARISON 


Estimated 

Item 

Units 

Standard 

rotor 

Compos i te 
rotor 

a. 

V|^£,  sea  level 

kt-cas 

120 

120 

b. 

Hover  ceiling  at  IRP,  OGE 

Std  day 

ft 

8500 

11000 

gs^F 

ft 

4250 

6000 

c. 

Hover  ceiling  at  IRP,  4 ft 
skid  height 

Std  day 

ft 

12300 

14800 

95“F 

ft 

7300 

9000 

d. 

Vertical  rate  of  climb  at  IRP 

Sea  level 

fpm 

630 

840 

2000',  95“F 

fpm 

440 

640 

e. 

Maximum  rate  of  climb  at  IRP 

2000',  95“F 

fpm 

1385 

1385 

f. 

Service  ceiling  at  IRP 

ft 

16400 

16400 

g. 

Range  (takeoff  fuel  allowance 
shall  be  2 minutes  at  MCP  at 
sea  level  and  reserve  fuel  of 

0.5  hr) 

2000',  gs-F 

nm 

185 

188 

4000',  95“ F 

nm 

— 

199 

h. 
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Figure  38.  OH-58  C/A  - K757  forward  flight  nondimensional 

performance  data. 


Forward  flight  performance,  baseline  and  composite  rotor  configurations 


The  diinensional ized  forward  flight  performance  which  is  affected  by  the 
K757  rotor  blade  configuration  is  calculated  from  Figure  38,  using  the  fol- 
lowing equations: 


^T- 


GU 

* j 

oPqTtR  (QR)' 


550  SHP 

^ T 

ap^-rrR^  (fiR) 


The  results  are  presented  in  Figures  40  through  44  which  compare  with  Fig- 
ures 7 through  11  of  Reference  3.  Specific  items  comparing  the  baseline 
performance  capability  to  that  of  the  composite  rotor  configuration  are  pre- 
sented in  Table  19.  The  mission  profiles  for  the  baseline  and  the  K757 
rotor  configurations  are  compared  in  Table  20. 

Preliminary  Stress  and  Fatigue  Analysis 

It  has  been  previously  shown  that  the  composite  blade  has  a fatigue  life 
equal  to  or  greater  than  4703  hours  based  on  an  endurance  limit  established 
for  the  high  speed  (V^)  level  flight  condition  at  high  GW  and  maximum  den- 
sity altitude.  This  approach  was  necessary  because  of  the  lack  of  defini- 
tive flight  profile  load  data,  such  as  the  blade  bending  moments  and  shears 
associated  with  each  time  increment  in  the  Government-furnished  flight  pro- 
file. A complete  life  calculation  is  also  considered  to  be  beyond  the 
scope  of  this  preliminary  effort.  Thus,  the  originally  calculated  life  of 
4703  hours  may  be  considered  a minimum  value.  It  should  be  noted  that  in 
the  case  of  the  AH-1  composite  blade,  an  approach  similar  to  that  performed 
in  Task  I was  used  to  arrive  at  a preliminary  conservative  life  estimate. 

The  final  life  calculation,  using  measured  load  data,  was  found  to  be 
approximately  twice  the  originally  calculated  number.  With  this  background 
in  mind,  the  emphasis  in  the  structural  analysis  shifts  to  calculating 
stresses  and  strains  for  the  high  speed  case  previously  mentioned. 


The  structural  analysis  is  in  three  parts;  namely,  the  root  end  from  sta- 
tion 11  to  station  36.5,  the  clean  section  from  station  36.5  to  station  180, 
and  the  outboard  tip  region.  All  stresses  are  calculated  using  Bell  loads 
from  Reference  9 (Figures  28  through  30)  and  the  limit  load  criteria  devel- 
oped in  Task  I (Figures  24,  25  and  26).  Loads  calculated  by  Kaman  were 
found  to  be  somewhat  lower  and,  therefore,  unconservative  by  comparison. 

To  avoid  an  underestimation  of  the  task,  the  higher  loads  from  the  flight 
strain  survey  were  used. 

Root  End  Analysis.  The  root  end  analysis  is  divided  into  three  sections. 

The  first  section  deals  with  limit  and  fatigue  analysis  of  inboard  station 
21.5.  The  second  considers  the  static  ultimate  strength  of  the  composite 
glass/graphite  bearing  retention  plates,  and  the  third  section  covers  the 
stresses  due  to  edgewise  load  reactions  at  the  blade  latch. 


104 


Nautical  miles  per 

Shaft  horsepower  required  pound  of  fuel 


Nautical  miles  per  pound  of  fuel 


11  Allison  T63-A-720  Engine||] 
il  ICAO  standard  Day  11 
If  6180  Engine  RPM  |i 
•t  354  Rotor  RPM  M 


'ISaaSSSSSSSShSaSS*** 


Level  flight  power  required 


i 


OHiiliillinillli 


iill 

j*aaaaf»aaa«aaaf aaaaaaaaaaaaM 


uliii 


!H»il 


iL' jf  i|| 

iiHHiiHiii  'liiiiiliii  ’ 

iiHsaii!iiB!iwiyn 

- 


: itUmiB 

liaaaaaaaaaaiii 

‘'•••iaaaaaaaii 

llli 


'aa«Sf«aSaf aaSi 

XiiMUSIKU: 


m 


I •a«aaiaaaaaai 


I'v.ttittil 


In: 


aaaaaaaaaaaaaaaaaaa*.  <«aaaaaaaaaa>  aaaaaaaaaaaaa .aaaM**aaaaa  aaaaaaaaaaaaaaa»aaaa*4«a*a«aaBa*aaaaaa4a*a*aaa*aBa**aa*aaa«i 





True  airspeed,  kt 


Figure  40.  Level  flight  performance,  sea  level,  standard  day. 
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igure  42.  Level  flight  performance,  10000  feet,  standard  day 
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Figure  43.  Level  flight  performance,  sea  level, 
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Figure  44.  Level  flight  performance,  4000  feet,  95^ 


TABLE  20.  MISSION  PROFILE 


Mission  Segment 

Fuel  Used 

2000', 

95°F 

HIEBRHB 

Basel ine 

Composite 

8 minutes  at  ground  idle 

14 

14 

14 

Cruise  out  at  MCP  for  10  min 

33 

33 

30 

Hover  for  30  min  OGE 

104 

98 

98 

Loiter  for  30  min  at  V = 40KT 

72 

72 

70 

Hover  for  30  min  OGE 

104 

98 

98 

Cruise  in  at  MCP  for  10  min 

33 

33 

30 

Land  with  30  min  reserve  at  MCP 

97 

97 

90 

Total  fuel  for  mission 

457 

445 

430 

Notes: 

1)  takeoff  gross  weight  = 3200  lb 

2)  usable  fuel  = 457  lb 

3)  all  mission  segments  calculated  at  3200  lb 
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The  stress  analysis  and  section  properties  are  determined  using  Kaman's 
CMAB  program,  which  determines  laminated  plate  properties  and  stress  anal- 
yzes each  lamina,  and  SHELLD,  which  calculates  all  section  properties  and 
determines  bar  stresses.  CMAB  is  first  used  to  determine  the  elastic  prop- 
erties of  each  specific  bar.  These  are  introduced  into  the  SHELLD  program 
for  each  bar  location  in  the  section  model.  For  ultimate  analysis,  the 
section  bar  stress  is  reimposed  in  a recycle  of  the  CMAB  program  to  calcu- 
late the  critical  lamina  stress.  In  the  case  of  ultimate  failure,  the 
blade  is  not  considered  failed  until  the  primary  lamina  is  severed.  Since 
a helicopter  blade  is  a linear  tension  beam  structure,  its  primary  lamina 
is  the  uniaxial  material.  Therefore,  the  full  bar  load  is  imposed  on  the 
uniaxial  material  at  failure;  all  other  laminae  undergo  a quasi-yield, 
redistributing  lead  to  the  uniaxial  material  prior  to  the  actual  failure. 

In  the  case  of  fatigue  analyses,  stresses  directly  calculated  in  SHELLD  are 
reduced  to  strains  and  compared  with  previously  determined  fatigue  allow- 
ables (Figures  22  and  23).  No  CMAB  reanalysis  is  necessary,  since  the 
allowables  pertain  to  the  bulk  laminate  performance  of  very  similar  compo- 
site structure  tested  in  the  AH-1  program. 

Inherent  in  the  CMAB  static  stress  calculations  is  a general  practice  used 
at  Kaman.  Calculated  stresses  due  to  limit  loads  are  compared  to  one-half 
of  the  allowable  stress  values.  This  incorporates  an  additional  factor  of 
safety  of  1.333  beyond  the  usual  1.5.  This  is  a reasonable  allowance  for 
general  fabrication  deviations  and  material  quality  variances. 

The  clean  section  analysis  consists  of  cuts  at  stations  36.6,  60,  100,  140 
and  179.916.  Static  and  fatigue  conditions  are  analyzed  as  previously  dis- 
cussed. 


The  outboard  tip  region  analysis  covers  the  critical  conditions  of  rubber 
shear  and  tip  GAG  cyclic  stresses. 

Station  21.5  Static  and  Fatigue  Analysis  of  Inboard  Region.  The  SHELLD 
model  of  station  21.5  cross  section  appears  in  Figure  45.  Page  185  of 
Appendix  B lists  tabulated  data  and  page  136  indicates  the  resulting  stress 
at  bar  number  9.  Page  187  presents  the  CMAB  analysis  of  the  laminate  at 
bar  9.  This  indicates  a .30  margin  of  safety  for  lamina  number  2 in  the 

Tl  (chordwise)  direction.  This  is  analogous  to  a yield  condition,  since 

the  27  modulus  is  highly  nonlinear,  being  resin  dominated.  The  actual 
failure  margin  is  dependent  on  laminae  3,  6 and  9 which  are  uniaxial 
fibers.  This  margin  is  4.85,  as  shown. 

Pages  188  and  189  list  the  calculated  vibratory  and  mean  stresses  for  sta- 
tion 21.5.  The  highest  stresses  occur  at  bar  9 where  mean  and  cyclic 
stresses  are  6.9  + 2.01  kips  per  square  inch.  Fatigue  strains  in  the  uni- 
axial S-glass  material  are  determined  as  follows: 
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I 

I 
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Figure  45.  SHELLD  structural  model  - station  21.5. 


Bar  Stress 
Laminate  Modulus 

(6.9  + 2.01 ) 


10' 


10 


= .00121  + .000353  in. /in. 

From  the  Goodman  diagram  in  Figure  22,  we  calculate  a margin  of  safety  in 
fatigue,  as  follows: 


Station  18.5  Static  Analysis  of  Inboard  Attachment.  Figure  46  indicates 
the  blade  root  end  attachment.  Condition  IX,  a power  off  condition,  is 
found  to  be  critical  for  the  bushing  attachment.  Limit  loads  are  as  fol- 
lows: 

= 50570.9  lb  at  411  rpm  (reference  Figure  27) 

Mg  = 68000  lb- in.  (reference  Figure  24) 

= .75  X 50570.9  = 37928.2  lb-in. 

My^  = 6400  lb-in.  (reference  Figure  26) 

p = 37928,^  ^ 6321.4  lb 
e 6 

Ultimate  pin  reactions  for  the  bottom  bushing  are  determined  to  be: 

Rcf  = 5^^  X 50570.9  x 1.5  = 33816.9  lb 

Ro  = X 1.5  = 38931.3  lb 


'B  2.62 


6321.4 


X 1.5  = 4741.1  lb 


'L 


Ryz  = ^ X 1.5  = 3664.1  lb 
Therefore,  the  ultimate  bearing  load  and  stress  is: 


Rgg  = - 8405.2^  = 73232.2  lb 

" OrHsi  ■ 62591.6  psi 
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Figure  47  indicates  a mixed  graphite/glass  bearing  allowable  of  92,420  psi 
derived  from  Reference  11. 


M.S.  " - 1 = .47  ultimate 

Ultimate  shear  stresses  of  the  lower  attachment  are: 

73232  2 

" (6  - 1.125)  X 2 X 5.2  " 

Figure  48  indicates  a mixed  graphite/glass  shear  allowable  of  35915  psi 
also  derived  from  Reference  11. 


M.S.  = - 1 = 1.04  ultimate 


Station  11.5  static  Analysis  of  Latch  Engagement.  The  latch  engagement 
stub  (Figure  46)  is  critical  in  shear. 


4741.1 
.45  x 3.6 


2926.7 


M.S. 


35915 

2926.7 


- 1 = Large 


Static  and  Fatigue  Analysis,  Station  36.5  to  179.916.  SHELLD  models  of 
stations  36.5  and  179. 9l6  are  shown  in  Figures  49  and  50.  Station  36.5  is 
found  to  be  critical  for  static  and  fatigue  loading.  Tabulated  data 
appears  on  page  190  of  Appendix  B.  Printout  data  on  pages  191  and  192  indi- 
cates that  critical  combined  stresses  occur  at  bar  6 for  uniaxial  S-glass 
and  bar  9 for  uniaxial  E-glass.  Bar  24  has  critical  stresses  for  +45°  S- 
glass.  Fatigue  strains  are  determined  as  follows: 

Bar  Stress 
Laminate  Modulus 


Bar  6 Uni-S-Glass: 


e 


17.03  + 4.18 


3T 


X 


= .00334  + .00082  in. /in. 


11.  Hart-Smith,  L.  J.,  BOLTED  JOINTS  IN  GRAPHITE-EPOXY  COMPOSITES,  NASA 
CR-144899,  McDonnell  Douglas  Corporation,  Long  Beach,  California, 
June  1976. 
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Figure  47.  Bearing  stress  data. 


i.s)|  ‘q:t6uauq.s  Jeai|S 


Bar  9 Unl-E-Glass: 


e 


15.85  + 3.49 


750 


X 


= .00317  + .000698  in./in. 


Bar  24  + 45°  S-Glass: 


e 


- 2.45  + 3.02 


7?7 


X 


= - .00091  + .0011  in. /in. 

Points  6 and  9 are  plotted  on  Figure  22.  Point  24  appears  on  Figure  23. 


M.S. 

M.S. 


.00115  1 

.00082  " ' 

.00075 
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.07  Point  9 


M.S. 


.0017 

.00111 


.53 


Point  24 


For  static  load  considerations.  Condition  III  is  critical.  Page  193  indi- 
cates that  bar  4 has  the  highest  stresses. 

The  CMAB  stress  analysis  on  page  194  indicates  a minimum  margin  of  safety 
in  the  transverse  (22)  direction  of  .03.  However,  actual  blade  failure 
will  not  occur  until  breakage  occurs  in  the  longitudinal  (11)  direction 
which  has  a calculated  margin  of  safety  of  .44. 

Tip  Analysis  - Rubber  Bonded  Interface,  Station  130  to  Station  211.  Table 
21  presents  a calculation  of  centrifugal  loads  resulting  from  the  cast 
steel  weight  and  anti  nodal  hardware  at  354  rpm.  Rubber  shear  stresses  are 
critical  for  ultimate  loadings.  Ultimate  load  at  411  rpm  is  calculated  as; 

2 

PCF  = 1.5  X (^)  X 22745  = 45989  lb 

2 

Rubber  shear  area  is  192.7  in.  ; 


45989 

JWJ 


238.7  psi 


M.S. 


600  , 

2^7r  " ' 


1.5. 


1 


/ 


120 


r 


The  calculated  average  shear  is  approached  in  actual  practice  by  propor- 
tioning the  rubber  thickness  distribution  to  the  active  perimeter  such  that 
the  load  distribution  is  uniform.  The  analysis  resulting  in  the  actual 
thicknesses  is  a detailed  procedure  and  beyond  the  scope  of  this  study. 

The  AH-1  composite  blade  has  an  identical  tip  mass  support  concept.  Rubber 
thickness  is  .110  in.  at  the  most  inboard  station.  This  decreases  linearly 
to  a nominal  of  .053  in.,  which  extends  to  about  60%  of  the  span  length 
after  which  it  decreases  to  .032  in.  nominal  in  the  tip  region. 

An  additional  significant  feature  of  the  tip  mass  concept  is  the  built-in 
fail-safety.  Should  the  rubber  bond  fail,  the  weight  will  be  contained  by 
the  tapered  spar  configuration  by  a socketing  action.  This  fail-safe  prin- 
ciple has  been  demonstrated  by  test  in  the  case  of  the  AH-1  composite  blade. 

Tip  Analysis  - Low  Cycle  Fatigue  of  Weight,  Station  204.  At  station  204, 
the  tip  is  unsupported  by  the  fiberglass  shell.  Therefore,  the  net  section 
at  204  must  react  ground-air-ground  cycle  loads  due  to  centrifugal  force: 

Pj.p  = 2793  lb  0 354  rpm 


^204 


1.11  in.^ 


- 2793 

fy  - ~ 2516.2  psi 


= 1258.1  + 1258.1  psi 
By  inspection  for  cast  stainless  steel: 

M.S.  = Large 

Section  Properties.  A determination  of  all  section  properties  was  made  by 
SHELLD.  These  are  presented  in  Figures  51  through  55. 

Weight  Calculation.  A final  weight  calculation  was  performed.  Figure  56 
illustrates  the  weight  distribution  over  the  span.  Total  blade  weight  was 
found  to  be  89.33  lb.  The  span  moment  was  calculated  to  be  10535.6.  The 
net  CG  location  was  found  to  be  .385  in.  aft.  The  polar  moment  of  inertia 

2 

was  calculated  to  be  341  slug  ft  , which  is  a 4.3%  increase  over  the  pre- 
sent value.  These  calculations  were  performed  using  50%  of  the  tip  vari- 
able weight  package  and  2 lb  of  chordwise  weights  at  the  inboard  end. 
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Figure  54.  Chordwise  neutral  axis. 
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OH-58  Blade  Dynamics  and  Load  Determination 


Blade  Frequencies.  In  order  to  minimize  development  risk,  development  cost, 
and  system  integration  cost,  a new  component  for  a successful  vehicle  with 
well  known  dynamic  characteristics  should  be  designed  to  have  similar  char- 
acteristics. This  was  the  approach  used  in  designing  the  K747  blade  for 
the  AH-1  helicopter. 

Kaman  designed  a blade  that  closely  approximates  the  dynamic  characteris- 
tics of  the  B540  blade  (standard  blade)  by  matching  the  elastic  and  iner- 
tial properties  of  the  structure  to  yield  K747  blade  natural  frequencies 
that  nearly  match  those  of  the  B540. 

The  analysis  used  to  calculate  the  blade  natural  frequencies  for  the  B540 
and  K747  is  the  blade  frequency  computer  program  for  nonuniform  helicopter 
rotors  developed  by  Rochester  Applied  Sciences  Associates.  This  computer 
program  determines  the  coupled  natural  frequencies  and  normal  modes  of  a 
rotating,  twisting  beam  with  nonuniform  mass  and  elastic  properties.  Fully 
coupled  flatwise,  edgewise  and  torsional  motions  are  analyzed  for  the 
blades,  and  an  automated  frequency  search  method  is  used  to  determine  the 
frequencies  and  modes  for  the  blade  natural  frequencies. 

Because  the  AH-1  uses  a teetering  hub,  the  coupled  modes  for  both  blades 
were  analyzed  for  collective  responses  and  cyclic  responses.  The  collec- 
tive responses  correspond  to  a cantilever  root  end  for  flatwis-e  motions 
and  a pinned  root  end  for  edgewise  motions.  The  cyclic  responses  corres- 
pond to  a pinned  root  end  for  flatwise  motions  and  a cantilever  root  end 
for  edgewise  motions.  For  all  conditions,  the  torsion  mode  is  assumed  to 
be  cantilevered.  Table  22  compares  the  natural  frequencies  of  both  the 
standard  B540  and  the  K747  blades  of  the  normal  operating  rpm  of  the  main 
rotor. 

It  is  seen  from  Table  22  that  the  natural  frequencies  of  the  K747  blade 
are  within  the  10  percent  of  the  B540  blade.  Further  shake  tests  of  both 
blades  confirmed  this.  In  the  development  flight  test  of  the  K747  blade, 
no  dynamic  problems  were  encountered  and  a very  successful  program  resulted. 

This  same  philosophy  is  used  in  the  preliminary  design  of  the  OH-58  K757 
composite  blade.  In  order  to  determine  best  El  distribution  and  mass  dis- 
tribution of  the  Kaman  composite  blade  to  match  the  standard  OH-58  blade 
frequencies,  Kaman' s blade  frequency  program  was  used.  This  program  is 
similar  to  the  computer  program  for  nonuniform  helicopter  rotors  developed 
by  Rochester  Applied  Sciences  Associates,  except  that  only  uncoupled  modes 
can  be  calculated.  Table  23  gives  the  results  of  these  calculations. 

It  is  seen  from  Table  23,  the  uncoupled  blade  frequencies,  that  the  Kaman 
K757  composite  blades  match  the  Bell  standard  blade  frequencies  very 
closely.  The  El  and  mass  distribution  obtained  from  this  phase  of  blade 
frequency  matching  was  then  used  in  the  blade  frequency  computer  program 
developed  by  Rochester  Applied  Sciences  Associates  to  determine  the  coupled 
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TABLE  22.  COUPLED  BLADE  NATURAL  FREQUENCirS 
OF  THE  AH-1  HELICOPTER 


Mode 

Blade  Freq 

uency/Rev 

Percent 

B540 

K747 

Deviation 

Collective 

Mode 

First  Flatwise 

1.03 

1.03 

0 

Second  Flatwise 

2.63 

2.88 

9.5 

First  Torsion 

3.26 

3.19 

2.1 

Third  Flatwise 

4.54 

4.91 

8.4 

First  Edgewise 

6.73 

6.88 

2.2 

Second  Torsion 

7.96 

7.78 

2.3 

Cyclic  Mode 

First  Flatwise 

.99 

.95 

4.0 

First  Edgewise 

1.61 

1 .56 

3.1 

Second  Flatwise 

2.45 

2.70 

10.2 

First  Torsion 

3.26 

3.19 

2.1 

Third  Flatwise 

4.30 

4.65 

8.1 

Second  Torsion 

7.60 

7.59 

0.1 

TABLE  23.  UNCOUPLED  BLADE  NATURAL  FREQUENCIES 

OF 

THE  OH-58 

HELICOPTER 

Blade  Frequency/Rev 

Percent 

Mode 

Bell 

Kaman 

Deviation 

Pin-Ended 

Modes 

First  Flatwise 

1.00 

1 .00 

0 

Second  Flatwise 

2.549 

2.783 

9.2 

Third  Flatwise 

4.956 

4.643 

6.3 

First  Edgewise 

0 

0 

0 

Second  Edgewise 

4.676 

5.040 

7.8 

Cantilever 

Modes 

First  Flatwise 

1.154 

1 .147 

0.6 

Second  Flatwise 

3.049 

3.156 

3.5 

Third  Flatwise 

6.219 

6.699 

7.7 

First  Edgewise 

1.011 

.978 

3.3 

Second  Edgewise 

6.028 

6,506 

7.9 
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natural  frequencies.  It  was  realized,  however,  that  the  first  cantilever 
edgewise  mode  was  too  close  to  1/rev,  which  did  not  match  Bell  helicopter 
calculations  of  the  first  cantilever  edgewise  mode.  Bell  Helicopter  Com- 
i'  pany  fan  plots  which  were  Government-supplied  data  indicate  a first  edge- 

wise cantilever  mode  of  1.314/rev  as  indicated  in  Tab'*'  24.  Since  the  RASA 
blade  frequency  program  could  not  reproduce  this  value  using  the  supplied 
mass  and  stiffness  properties  increases  in  El  between  station  zero  and  21 
were  made  until  the  standard  blade  frequency  was  achieved.  These  El  values 
were  then  used  to  calculate  the  edgewise  frequencies  for  the  K757  blade. 
This  is  a reasonable  approach  since  some  undocumented  parameter  of  the  hub 
and  retention  hardware  must  account  for  the  discrepancy. 

Because  the  OH-58  uses  a teetering  hub,  the  coupled  modes  for  both  the 
^ standard  and  composite  blades  were  analyzed  for  collective  and  cyclic 

i responses.  The  collective  responses  correspond  to  a cantilever  root  end 

I for  flatwise  motions  and  pinned  root  end  for  edgewise  motions.  This  col- 

lective mode  is  excited  by  even  harmonic  excitations.  The  cyclic  responses 
correspond  to  a pinned  root  end  for  flatwise  conditions  and  a cantilever 
root  end  for  edgewise  motion.  This  cyclic  mode  is  excited  by  odd  harmonics 
of  rotor  excitation.  For  all  conditions,  the  torsion  mode  is  assumed  can- 
tilevered. Table  24  compares  the  natural  frequencies  of  both  the  standard 
and  improved  rotor  blades  at  the  normal  operating  range  of  the  main  rotor. 
Figures  57  and  58  contain  fan  plots  for  the  K757  and  the  standard  blade. 


TABLE  24.  COUPLED  BLADE  NATURAL  FREQUENCIES 

OF  THE  OH-58  HELICOPTER 

Mode 

Blade  Frequency/Rev 

Percent 

Deviation 

Bell 

Kaman 

Collective  Mode 

First  Flatwise 

1.148 

1.147 

0.1 

Second  Flatwise 

3.031 

2.917 

3.7 

First  Edgewise 

4.669 

5.014 

7.4 

Third  Flatwise 

6.273 

6.651 

6.0 

First  Torsion 

7.4038 

7.614 

2.9 

Cyclic 

Mode 

First  Flatwise 

1.0 

9.0 

0 

First  Edgewise 

1.314 

1.284 

2.3 

Second  Flatwise 

2.542 

2.685 

5.6 

Third  Flatwise 

4.976 

4.816 

3.2 

Second  Edgewise 

6.809 

6.898 

1 .3 

First  Torsion 

7.098 

7.256 

2.2 
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Figure  57.  0H-58C/A,  Kaman  K757  blade,  in-plane  bending  frequencies. 


6/ rev 


Figure  58.  0H-58C/A,  Kaman  K757  blade,  out-of-plane  bending  frequencies. 


It  is  seen  from  Table  24  that  excellent  agreement  has  been  achieved  in 
designing  the  Kaman  K757  composite  blade  to  have  natural  frequencies  simi- 
lar to  those  of  the  OH-58  standard  blade.  Thus,  dynamic  characteristics, 
including  stability  of  the  blade,  should  be  similar  to  those  achieved  with 
the  standard  blade. 

Load  Calculations.  The  blade  aerodynamic  loading  environment  was  obtained 
from  Kaman 's  helicopter  trim  and  performance  computer  program.  It  is  pri- 
marily based  on  the  solution  of  the  blade  flapping  equation  of  motion  by  an 
iterative  numerical  procedure  for  a series  of  points  in  the  azimuth  cycle. 
The  method  is  essentially  that  described  in  NACA  TN  3366  (Reference  12), 
but  with  several  modifications.  Because  the  actual  equation  of  motion  is 
solved,  there  are  no  restrictions  on  advance  ratio,  inflow  ratio  or  forward 
speed,  nor  are  there  any  small  angle  assumptions. 

The  blades  are  defined  by  geometric  properties  at  a discrete  number  of 
spanwise  stations.  Any  distribution  of  twist,  taper  or  camber  may  be  uti- 
lized. The  aerodynamic  characteristics  of  the  blade  sections  are  given  in 
tabular  form  using  Army-furnished  two-dimensional  data  for  the  baseline 
and  for  the  VR-7  airfoil. 

Rotor  forces  and  moments  are  obtained  by  utilizing  a strip  analysis  and 
integrating  the  radial  and  azimuthal  force  distributions.  The  converged 
forces  and  moments  for  equilibrium  flapping  are  utilized  in  a program  which 
provides  for  the  simultaneous  solution  of  static  equilibrium  of  the  com- 
plete helicopter  in  all  flight  conditions,  including  level  flight,  steady 
turns  and  pull-ups,  climb,  partial  power  descents  and  autorotation.  The 
program  output  includes,  besides  the  flight  attitutde,  all  integrated 
forces  and  moments,  flight  control  requirements,  the  distributions  of  sec- 
tion angle  of  attack,  Mach  number,  lift,  drag  and  pitching  moment  coeffi- 
cients, and  blade  harmonic  airload  distributions  in  both  in-plane  and  out- 
of-plane  directions. 

The  bending  moment  analysis  begins  by  determining  the  response  matrices  on 
the  rotating  blade  to  unit  loads,  in-plane  and  out-of-plane.  The  steady 
and  4 harmonics  of  loadings  from  the  trim  and  performance  calculations, 
just  described,  are  then  applied  to  the  unit  response  matrices,  and  the 
resulting  bending  moments,  slopes,  deflections  and  shears  are  calculated. 

The  net  resultant  root  shears  for  the  two  blades  are  compared  in  Figure  59 
throughout  the  level  flight  regime.  Both  were  calculated  by  the  foregoing 
analytical  method  using  the  proper  airfoil  data  for  their  respective  blade 
sections.  There  is  little  difference  between  them,  indicating  the  prob- 
ability of  simlar  vibration  characteristics  of  both  blades  with  a slight 
edge  going  to  the  Kaman  composite  blade  at  high  speed.  The  components  of 
the  root  shears  are  given  in  Table  25. 


T?:  (Tessow,  A.,  and  Crim,  A.  D.,  A METHOD  OF  STUDYING  THE  TRANSIENT  BLADE 
FLAPPING  BEHAVIOR  OF  LIFTING  ROTORS  AT  EXTREME  OPERATING  CONDITIONS, 
NACA  Technical  Note  3366,  1955. 


Baseline  rotor 
Composite  rotor 


G.W.  3200  lb 
Pressure  altitude  4000 
Ambient  temp.  95°F 


True  airspeed,  kt 


Figure  59.  Comparison  of  resultant  pylon  excitation  force 
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TABLE  25.  COMPARISON  OF  ROOT  SHEARS 


Baseline  . 

Kaman  Composite 

Condition 

Vertical 

20 

In-Plane 

in 

In-Plane 

30 

Vertical 

20 

In-Plane 

in 

In-Plane 

30 

Velocity 

oz 

COS 

sin 

COS 

Sin 

cos 

sin 

COS 

sin 

COS 

sin 

cos 

sin 

60 

1.414 

4 

-4 

105 

492 

1 

4 

-34 

3 

153 

543 

-1 

1 

60 

1 

-6 

32 

46 

300 

-1 

1 

-22 

12 

81 

346 

<-.5 

<■5 

78 

1 

-9 

48 

26 

435 

-2 

2 

-32 

22 

70 

491 

-1 

♦ 1 

109 

1 

25 

78 

-134 

1075 

-5 

3 

-56 

83 

-109 

898 

^1 

, -J 

-1 

Inasmuch  as  the  root  shears  are  the  highest  at  the  highest  speed,  this  con- 
dition was  selected  for  further  comparison.  The  root  bending  moments  for 
the  109-knot,  level-flight  condition  are  given  in  Table  26. 


TABLE  26.  COMPARISON  OF  ROOT  BENDING  MOMENTS,  IN. -LB 

— ■ 1 

Basel ine 

Kaman  Composite 

Component 

Steady 

Vibratory 

Steady 

Vibratory 

Flapwise 

-3650 

+ 4522 

-5199 

+ 2825 

Chordwise 

23183 

+20000 

20210 

+18007 

The  previously  described  bending  moment  analysis  had  to  be  modified  to 
accommodate  the  effect  of  hub  impedance  on  the  vibratory  chordwise  blade 
bending  moment.  The  chordwise  vibratory  moment  for  the  baseline  blade  con- 
figuration was  correlated  with  flight  test  data  (Reference  9).  The  mass 
distribution  and  response  matrix  of  the  chordwise  motion  was  used  to  deter- 
mine an  equivalent  hub  impedance  for  a comparable  root  bending  moment. 

This  yielded  a value  of  + .78  inch  of  hub  translation  at  11.8  Hz  or  2/rev 
of  the  rotor  frequency  in  the  nonrotating  system.  Utilizing  the  mass  dis- 
tribution and  response  matrix  for  the  Kaman  composite  blade  system  yielded 
a hub  translation  of  + .64  inch  at  11.8  Hz  and  a chordwise  vibratory  root 
bending  moment  of  18,(507  in. -lb. 
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The  foregoing  table  indicates  that  the  root  bending  moments  for  the  Kaman 
composite  blade  are  very  close  to  those  for  the  baseline  blade.  The  stress 
analyses  for  the  Kaman  composite  blade  utilizing  the  flight  test  bending 
moments  of  Reference  9 therefore  will  be  slightly  conservative. 

The  same  flight  condition  was  used  to  evaluate  the  blade  torsional  moment 
by  means  of  the  trim  and  performance  program.  The  aerodynamic  pitching 
moments  and  the  rigid  body  centrifugal  twisting  moments  for  the  Kaman  com- 
posite blade  were  integrated,  yielding  the  azimuthal  variation  shown  in 
Figure  60.  The  indicated  vibratory  torsional  moment  of  + 550  in. -lb  is 
significantly  less  than  the  design  torsional  vibratory  moment  given  in 
Figure  30. 

In  general,  the  loading  conditions  on  the  Kaman  composite  blade  are  compar- 
able to  those  obtained  from  the  flight  tests  of  the  standard  rotor,  which 
was  the  basis  of  the  stress  analysis. 

Manufacturing  Methodology 

The  OH-58  K757  composite  blade  is  designed  with  quality,  simplicity  and  low 
cost  in  mind.  This  comes  about  largely  because  the  fabrication  technique, 
selected  materials  and  configuration  are  mutually  dependent  parts  of  the 
design.  Wet  filmanet  winding  over  a hard  mandrel  was  selected  because  a 
tapered  spar  can  efficiently  be  constructed  with  fibers  laid  in  a predeter- 
mined, totally  repeatable  pattern.  The  technique  is,  however,  dependent 
on  the  development  of  highly  accurate  hard  tooling,  e.g.,  internal  mandrels 
and  external  molds,  to  produce  consistently  good  spars.  Experience  with 
the  AH-1  program  has  been  that  such  tools  can  be  developed  within  an  anti- 
cipated development  period. 

The  aft  spar  root  reinforcement,  nose  block  and  trailing  edge  spline  are 
linear  filament  windings  of  E-glass  roving.  This  insures  good  fiber  volume 
and  fiber  orientation  control.  The  upper  and  lower  spar  caps  are  also 
linear  windings  but,  in  this  instance,  S-glass  has  been  selected.  These 
components  are  staged  in  closed  molds  to  retain  a tacky  shape  and  are  com- 
pletely cured  in  the  final  assembly  fixture.  Sections  are  tapered  by  a 
well  developed  technique  using  a series  of  pins  or  blades  to  wind  over  and 
terminate  a particular  layer  while  allowing  others  to  continue. 

The  upper  and  lower  spar  root  reinforcements  are  lay-ups  made  from  a sched- 
uled series  of  preimpregnated  uniglass  and  cross-ply  carbon  graphite  pieces. 
These  are  fully  cured  in  the  final  blade  assembly. 

Skins  and  doublers  are  filament  wound  on  large  diameter  mandrels  to  produce 
a product  with  good  weight  control  and,  due  to  the  resulting  basket  weave 
effect,  excellent  inherent  damage  resistance.  This  method  results  in  the 
economical  production  of  relatively  large  cross-ply  pieces  with  little 
waste. 
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Gross  weight  = 3200  lb 
Pressure  altitude  = 40 
Free  air  temperature  = 


g moment  at  pitch  control  link  - composite  rotor  blade. 


The  core  material  is  shaped  by  forcing  one  side  of  the  core  block  to  con- 
form and  cutting  the  other  surface  to  match.  This  results  in  a slight 
obliqueness  of  the  cell  orientation  to  one  of  the  surfaces.  Experience  has 
shown  this  to  have  no  significance  to  strength  of  efficiency. 

The  manufacturing  sequence  is  shown  in  Figure  61.  The  mandrel  is  in  three 
pieces.  The  tip  weight  serves  as  a permanent  outboard  mandrel.  A mid-span 
mandrel  mates  with  it;  these  two  comprise  the  aerodynamic  twist  portion. 
Next,  the  inboard  mandrel  is  mated.  It  has  a reverse  twist  and  allows  an 
efficient  structural  section  at  the  main  retention.  These  mandrels  are 
secured  by  means  of  a long  "skewer  bolt"  which  goes  through  holes  in  the 
removable  mandrels  and  secures  to  a hole  tapped  in  the  tip  ballast  weight. 
With  the  mandrel  assembled,  it  is  mounted,  using  its  trunnions,  between  the 
spindles  of  the  filament  winding  machine. 

Winding  commences  with  90°  and  cross-ply  overwraps  which  secure  the  forward 
nose  block  longo  and  aft  spar  reinforcement.  Thereafter,  the  upper  and 
lower  uniaxial  cap  and  root  reinforcements  are  added  and  a final  securing 
cross-ply  overwrap  is  applied.  At  this  point,  all  the  pre-cut  and  shaped 
components  are  assembled.  These  are  builtup  in  the  bonding  fixture,  laying 
one  skin  and  its  doublers  on  the  bottom  first.  Next  comes  the  spar,  core 
and  trailing  edge  spline;  then  the  closing  skin  with  its  doublers.  The 
fixture  is  closed  and  all  components  are  co-cured.  After  curing,  the  blade 
is  removed  from  the  mold.  The  inboard  mandrel  is  removed  and  the  mid-span 
mandrel  is  pulled  through  the  reverse-twist  inboard  section  of  the  blade. 
This  mandrel  withdrawal  history  is  illustrated  in  Figure  62.  The  completed 
blade  has  the  mid-span  ballast  inserted  and  attached  to  the  mandrel  attach 
holes.  Bushings,  washers  and  end  closures  are  added  to  complete  the  blade. 

OH-58  Composite  Blade  Reliability,  Maintainability  and  Life-Cycle  Cost 
Analysis  Report  Sections 

Reliability.  The  Contractor  has  participated  in  a number  of  programs  spe- 
cifically  related  to  evaluating  reliability  and  maintainability  of  Army 
helicopter  rotor  blades.  Among  these  are  the  ongoing  AH-1  Improved  Main 
Rotor  Blade  program  (IMRB),  the  Program  for  Phased  Maintenance  Check  List 
Development,  and  the  Field  Repairable/Expendable  Rotor  Blade  (FREE)  program. 
In  the  two  blade  programs,  extensive  effort  was  spent  in  understanding  the 
types  of  damage,  both  internal  and  external,  that  could  occur  on  a helicop- 
ter main  rotor  blade  in  a combat  environment.  Based  on  the  information 
supplied  by  the  Army  and  measured  in  the  field,  a wide  variety  of  repairs 
were  both  designed  and  tested  under  simulated  field  conditions.  These 
repairs  were  subsequently  whirl  and  flight  tested  during  the  structural 
demonstration  parts  of  the  programs.  In  the  Phased  Maintenance  Check  List 
program,  data  are  presently  being  taken  on  Army  helicopters  to  evaluate, 
among  other  things,  the  types  of  maintenance  action  required  and  the  fre- 
quency of  those  actions.  These  programs  are  the  most  recent  in  a long 
series  of  programs  in  which  the  Contractor  has  participated  and  which  have 
given  him  wide  experience  in  both  understanding  the  Army's  blade  mainten- 
ance problems  and  in  developing  and  utilizing  repair  procedures  designed  to 
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Figure  62.  Mandrel  withdrawal  history 
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efficiently  and  effectively  reduce  the  Army's  blade-related  helicopter 
costs.  This  background  of  experience  was  drawn  upon  for  this  OH-58  com- 
posite main  rotor  program  reliability  and  maintainability  section  of  this 
report. 

During  the  AH-1  program,  methods  were  developed  for  both  producing  a highly 
damage  resistant  blade  and  for  repairing  the  blade  in  the  event  damage  did 
occur.  Much  of  the  effort  in  this  program  revolved  around  evaluating  the 
required  repairs  to  the  AH-1  Improved  Main  Rotor  Blade  and  developing  suit- 
able repairs  that  could  be  done  in  a minimum  amount  of  time  and  at  field 
level  by  MOS  67N20  personnel.  Repairs  were  designed,  damage  was  inflicted 
to  the  blade,  testing  was  done  to  insure  blade  survivability  during  opera- 
tion wfth  damage,  and  then  repairs  were  effected  under  simulated  field  con- 
ditions by  MOS  67N20  personnel.  During  this  full  range  of  testing  it  was 
shown  that  a blade  could  survive  damage  and  fly  back  to  base  of  operation, 
and  that  repairs  could  be  made  successfully  in  the  field.  The  knowledge 
gained  in  the  development  of  these  repairs  for  the  actual  AH-1  blade,  and 
the  first-hand  repair  experience  developed  by  the  Contractor  were  used  as 
primary  inputs  in  determining  the  reliability  and  maintainability  param- 
eters associated  with  the  OH-58  composite  blade. 

The  Army  Phased  Maintenance  Check  List  program  has  given  the  Contractor 
further  insight  into  the  frequency  and  types  of  repairs  that  are  encoun- 
tered by  typical  blades  in  the  Army  helicopter  fleet.  This  information, 
together  with  standard  Army  external  damage  prediction  methods,  was  used 
to  make  the  projection  of  mean  time  between  failures  (MTBF)  for  the  K757 
blades. 

The  Army  hundred-random-damage-scenario  method  was  used  to  evaluate  the 
frequency  of  external  damage  on  the  OH-58  composite  blade.  By  this  method 
of  analysis,  an  area  of  30  x 300  inches  is  assumed  to  contain  100  different 
damages  whose  location  and  severity  are  randomly  distributed.  The  OH-58 
blade  planform  was  placed  in  this  area,  and  the  centerline  of  rotation  and 
quarter  chords  were  superimposed  on  the  area  in  the  prescribed  manner. 
Because  the  OH-58  composite  blade  is  smaller  in  both  chord  and  span  than 
30  X 300  inches,  a large  percentage  of  the  hundred  random  damages  will  miss 
the  blade  completely.  These  misses  were  eliminated  from  the  induced  dam- 
ages considered  below.  Table  27  shows  the  results  of  this  distribution  of 
damage.  Twenty-seven  actual  events  occur  on  the  blade  from  random  damages 
and,  per  the  Statement  of  Work,  this  is  interpreted  as  being  representative 
of  a mean  time  between  failures  due  to  induced  damage  of  1,000  blade  hours. 

In  order  to  evaluate  the  frequency  of  inherent  damages,  the  blade  was  com- 
pared to  available  data  (Reference  13)  for  the  IMRB.  The  primary  differ- 
ences between  the  two  blades  are  as  follows.  First,  the  OH-58  blade  is 


13.  Smyth,  W.  A.,  FINAL  MAINTAINABILITY  REPORT  FOR  THE  IMPROVED  MAIN  ROTOR 
BLADE  FOR  THE  AH-1  HELICOPTER,  Kaman  Report  R-1355,  Kaman  Aerospace 
Corporation,  Bloomfield,  Connecticut,  June  1977. 
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TABLE  27.  INDUCED  DAMAGE  ESTIMATE  AND  DISPOSITION 
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smaller  than  the  IMRB.  Secondly,  the  single  cell  spar  of  the  OH-58  blade 
extends  further  aft  in  percent  chord  than  does  the  multiple  cell  spar  of 
the  AH-1  blade.  Thirdly,  the  root  attachment  for  the  AH-1  blade  composite 
cheek  plate  is  built  up  and  contains  chordwise  lugs  at  the  root  end.  Metal 
fittings  are  used  to  connect  between  those  chordwise  lugs  and  the  main  and 
drag  pins  on  the  AH-1  hub.  In  the  OH-58  blade,  cross-ply  graphite  and  uni- 
directional S-glass  plates  are  introduced  into  the  blade  primary  structure 
to  provide  the  necessary  bearing  strength  and  accept  the  main  and  drag  pins 
from  the  OH-58  hub.  Because  the  spar  is  hollow,  bushings  and  spacers  are 
introduced  into  the  composite  spar  to  carry  clamp-up  loads,  and  they  also 
improve  the  durability  of  the  hole  in  the  blade.  Fourthly,  the  weight/tip 
blade  configuration  is  significantly  different  for  the  K757  blade. 

The  IMRB  reliability  reports  give  inherent  failure  modes  for  that  blade. 
Adjustments  were  made  to  account  for  the  differences  between  the  two  blades, 
as  well  as  the  size  and  criticality  of  the  relative  parts.  The  result  of 
these  adjustments  is  given  in  damage  events  per  million  blade  hours  in 
Table  28.  Based  on  the  data  in  Tables  27  and  28,  the  overall  mean  time 
between  failures  for  the  OH-58  composite  blade  can  be  computed.  The  inher- 
ent failure  modes  are  projected  to  occur  at  the  rate  of  236.7  per  million 
blade  hours,  while  the  external  failure  modes  are  assumed  to  occur  at  1000 
per  million  blade  hours.  Combining  these  two  numbers  gives  a combined  mean 
time  between  failures  of  808.6  hours.  This  is  shown  in  the  following  cal- 
culation: 

_] 1,000,000  Blade  Hours  1 ,000,000  Blade  Hours 

MTBF  1000  External  Failures  236.7  Inherent  Failures 

MTBF  = 808.6  hours 

Two  other  pertinent  reliability  parameters  are  flight-safety  reliability 
and  component  durability.  On  the  IMRB,  mission  configuration  flight-safety 
reliability  of  .999998  for  a mission  of  1 hour  was  predicted.  Because  the 
primary  loads  are  collected  and  concentrated  at  the  root  end  of  the  heli- 
copter main  rotor  blade,  this  number  is  related  to  complexity  in  the  root 
area.  The  K757  blade  has  fewer  parts  and  a more  straightforward  load  path 
at  its  root  end  than  does  the  AH-1  blade.  Considering  this  fact,  and 
assuming  that  the  frequency  and  probability  of  tip  weight  loss  are  equal  in 
both  frequency  and  severity  for  the  two  blades,  the  mission  configuration 
flight-safety  reliability  for  the  OH-58  blade  can  be  conservatively  assumed 
to  be  .999998  for  a mission  of  1 hour.  As  mentioned  elsewhere  in  this 
report,  the  fatigue  life  of  the  OH-58  composite  blade  is  calculated  to  be 
4,703  hours  by  a conservative  analysis.  This  figure  is  well  above  the 
3600-hour  requirement  for  a .9  probability  of  successful  flight  when 
weighed  against  inherent  damage  modes.  Again,  considering  the  relative 
complexity  and  simplicity  of  the  IMRB  and  OH-58  blades,  it  can  be  conser- 
vatively assumed  that  the  OH-58  composite  blade  will  exhibit  a flight- 
safety  durability  of  .9  or  better  of  surviving  a minimum  3600-hour  flight 
retirement  life. 


TABLE  28.  INHERENT  DAMAGE  MODES  AND  DISPOSITIONS 


TABLE  28.  INHERENT  DAMAGE  MODES  AND  DISPOSITIONS  (CONTINUED) 
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Maintainability.  The  Contractor's  experience  with  the  aforementioned  IMRB 
program  and  the  Field  Repairable/ Expendable  Main  Rotor  Blade  program  allows 
the  Contractor  to  closely  estimate  both  the  repair  complexity  and  the 
repair  time  associated  with  inaintenance  action  on  the  OH-58  blade  program. 

During  both  the  IMRB  and  FREB  programs,  repairs  were  made  under  simulated 
field  conditions  by  MOS  67N20  skill  level  personnel.  These  personnel  were 
trained  in  the  performance  of  the  repair  procedures.  They  subsequently 
demonstrated  the  repair  procedures  during  both  programs.  Time  studies  were 
made  of  their  efforts,  and  the  results  were  recorded  and  published  in  numer 
ous  reports.  The  results  of  these  programs  allow  very  close  estimates  of 
the  repair  times  that  will  be  required  by  the  OH-58  blade.  The  same  repair 
goals  used  in  these  earlier  programs  were  used  for  the  K747  blade  program. 
These  goals  include  the  minimization  of  additional  tools  required  for  the 
repairs,  maximum  simplicity  of  repair,  minimum  aircraft  down  time  related 
to  repair,  and  maximum  percentage  of  repairs  being  made  at  the  field  level. 
Additionally,  the  K757  blade  has  been  designed  such  that  no  scheduled  main- 
tenance will  be  required  during  the  blade's  fatigue  life.  The  only  expan- 
sion of  IMRB  repair  techniques  considered  during  the  OH-58  program  is  depot 
level  spar  repair.  Because  the  spar  extends  aft  to  a larger  percentage  of 
chord  than  did  the  IMRB  spar  and  because  the  OH-58  spar  is  a single  cell, 
a simple  technique  has  been  devised  for  the  repair  of  the  spar.  This 
repair  is  shown  schematically  in  Figure  63. 

Damage  from  a through  hit  will  be  locally  cleaned  and  tapered.  Subse- 
quently, the  root  closure  of  the  spar  and  the  main  pin  spacer  will  be 
removed,  giving  access  to  the  spar  internal  cavity.  A specially  designed 
tool  (the  only  one  above  AH-1  requirements  for  this  program)  will  be 
inserted  and  will  locate  an  internal  patch  against  the  internal  surfaces 
of  the  spar.  This  tool  is  described  in  Figure  64.  External  filler  pads 
will  be  bonded  on  the  outside  of  the  spar  to  bring  the  external  surfaces 
back  to  contour.  The  spar  internal  tool  will  be  pressurized  and  heated, 
and  the  resultant  forces  will  be  reacted  by  the  existing  or  slightly  modi- 
fied afterbody  repair  tool.  After  a suitable  cure  cycle,  the  internal  and 
external  tools  will  be  removed  and  some  surface  finishing  and  restoration 
will  be  completed.  This  process  will  restore  the  structural  integrity  of 
the  spar.  The  damaged  area  on  the  spar's  internal  surface  will  be  lapped 
with  two  unidirectional  glass  reinforcements.  Because  of  the  criticality 
of  this  repair  for  flight  safety,  and  because  of  the  additional  skill  level 
of  the  repairmen  involved  at  this  time,  this  repair  has  been  designated  for 
depot  application.  Tables  27  and  28  show  both  the  reliability  data  men- 
tioned above  and  the  projected  mean  time  to  repair  and  repair  type  for  the 
OH-58  blades. 

During  the  OH-58  program,  the  possibility  of  installing  anti-icing  equip- 
ment on  the  blade  was  considered.  Two  methods  are  presently  available  for 
this  purpose.  The  first  method,  used  most  frequently  in  the  past,  consists 
of  electric  heater  elements  installed  as  an  integral  part  of  the  blade 
boot.  The  second  method  is  a newly  developed  pneumatic  system  in  which 
the  boot's  surfaces  are  made  to  flex  from  internal  pneumatic  pressure,  thus 
shedding  the  ice. 
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Primary  consideration  was  given  to  the  electrothermal  method  of  deicing 
because  of  its  previous  proven  utility.  The  Contractor  has  had  experience 
with  this  type  of  deicing  system  on  the  LIH-2  helicopter  and,  based  on  this 
experience,  concludes  that  with  the  exception  of  connection  electric  conti- 
nuity checks,  damage  or  functional  problems  will  be  delegated  to  a depot 
level  repair  for  probable  replacement. 


The  K757  rotor  blade  exhibits  the  same  low  repair  times  as  the  IMRB.  The 
blade  is  projected  to  meet  the  3-hour  maximum  repair  time  as  described  in 
the  Statement  of  Work.  This  number  is  calculated  as  follows:  the  fre- 
quency of  repair  actions  is  divided  into  the  total  number  of  actions  times 
their  frequency  of  occurrence  for  mean  times  to  repair.  This  average  fig- 
ure comes  out  to  be  1.019  hours  productive  time.  The  same  calculation  is 
used  with  the  cure  times  and  results  in  .710  hour.  A mathematical  method 
(Reference  13)  is  used  to  convert  the  overall  mean  time  to  repair  into  the 
95  percentile  repair  time,  giving  2.28  hours.  This  is  shown  in  the  fol- 
lowing calculation: 


Average 
productive 
repair  time 


Pro.  repair  time  for  inherent  + 
Pro,  repair  time  for  external 
Inherent  repair  occurrences  + 
External  repair  occurrences 


25,530  + 164.608 
25,000  + 201.245 


= 1 .01 9 hours 


Similarly, 

Average  cure  time 


17,750  + 154.288 
25,000  + 201 .245 


.710  hour 


Mgg  = .710  + Mg^,  productive  = .710  + 2.28  = 2.99  hours 

Life-Cycle  Cost  Analysis.  A method  for  predicting  life-cycle  cost  analysis 
was  deWloped  for  Army  Contract  DAAJ02-73-C-0006,  Development  Program  for 
Field  Repairable/Expendable  Main  Rotor  Blades.  This  life-cycle  cost  anal- 
ysis is  described  in  Reference  14  and  was  used  during  both  the  FREB  and  the 
IMRB  programs  to  determine  sensitivity  to  various  factors  influencing  blade- 
related  life-cycle  costs.  The  information  available  from  this  life-cycle 
cost  analysis  includes  such  maintainability  parameters  as  mean  time  between 
maintenance  actions  and  maintenance  manhours  per  flight  hour  for  a rotor 
system.  In  the  Phased  Maintenance  Check  List  program,  information  is  avail- 
able on  the  mean  time  between  failures  for  the  present  OH-58  main  rotor 


14.  Miller,  J.  E.,  and  Cook,  T.  N.,  DEVELOPMENT  PROGRAM  FOR  FIELD- 
REPAIRABLE/EXPENDABLE  MAIN  ROTOR  BLADES,  USAAMRDL-TR-76-9,  Eustis 
Directorate,  U.  S.  Army  Air  Mobility  R & D Laboratory,  Fort  Eustis, 
Virginia,  September  1976,  AD  A030835. 
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blades.  Based  on  this  information,  a mean  time  between  failures  of  245 
hours  can  be  calculated  for  the  present  OH-58  blade.  This  number  includes 
failures  requiring  blade  removal,  as  well  as  failures  requiring  retracking 
or  adjustment  of  control  linkages.  This  latter  form  probably  occurs 
several  times  on  a given  blade  before  some  deeper  failure  is  diagnosed. 
Although  this  number,  245  hours,  seems  extremely  low,  it  does  permit  a 
lower  bound  to  be  placed  on  the  present  blade's  MTBF.  For  purposes  of  this 
analysis  and  comparison  to  the  OH-58  composite  blades,  it  will  be  con- 
sidered that  the  mean  time  between  failure  for  the  present  blade  may  be 
well  above  this  number  of  245. 

As  discussed  in  the  reliability  section  of  this  report,  the  mean  time 
between  failure  on  a composite  blade  is  projected  to  be  808.6  hours.  Life 
cycle  cost  analyses  for  the  OH-58  present  blade  and  the  OH-58  composite 
blades  were  run.  The  results  of  this  study  are  presented  in  Figure  65. 

Cost  estimations  were  made  to  provide  a unit  cost  basis  with  and  without 
deicing.  Table  29  presents  this  cost  breakdown  for  a production  run  of 
3000  blades  in  terms  of  1976  dollars.  Pricing  for  the  K757  blade  is  based 
on  actual  material  costs  and  labor  rates  from  the  K747  blade  program  reduced 
to  1976  dollars.  The  overall  blade  prices  cannot  be  compared,  however, 
because  the  K747  has  retention  adapter  hardware,  a more  complex  spar,  and 
because  the  cost  impacts  of  subcontractor  burdens  will  not  occur  for  the 
K757  blade. 

The  composite  blade,  both  with  and  without  deicing,  because  of  its  high 
percentage  of  field  repairabil ity,  is  not  only  relatively  low  in  life-cycle 
costs,  but  does  not  vary  appreciably  with  mean  time  between  failures. 

Because  the  present  blade  has  such  low  field  repairabil ity,  probably 
resulting  in  scrap  for  most  damages,  its  life-cycle  cost  exhibits  a much 
steeper  gradient  with  mean  time  between  failures.  Thus,  while  MTBF  may  be 
considered  from  a number  of  positions  and  given  different  values  for  each 
of  these  positions,  the  composite  blade  is  projected  to  have  a life  cycle 
cost  at  least  60%  below  that  of  the  present  blade.  Table  30  shows  the  life 
cycle  cost  analysis  program  output  for  the  OH-58  romposite  blade  without 
deicing  at  a mean  time  between  failures  of  808.6  hours.  This  table  gives  a 
complete  breakdown  of  the  various  frequencies  of  maintenance  action,  events 
for  aircraft  cycle  and  cost  per  aircraft  life  cycle.  For  the  frequencies 
of  repairs  required,  the  maintenance  man-hours  per  flight  hour  are  shown  to 
be  .0116  for  the  two-bladed  main  rotor,  or  .0058  per  blade  flight  hour. 

This  number  is  below  the  specification  of  .01  maintenance  man-hour  per 
blade  flight  hour. 

Natural  Environmental  Considerations 

Since  it  is  assumed  that  the  composite  rotor  blade  will  be  exposed  to  world- 
wide extremes  of  climate  and  weather,  a large  number  of  environmental  con- 
siderations must  be  made.  The  impact  of  naturally  occurring  conditions  is 
discussed  in  the  following. 
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Life  cycle  costs,  $K 


TABLE  29.  K757 

COMPOSITE  MAIN 

ROTOR  BLADE 

3000 

BLADES  - 1976 

DOLLARS 

ITEM 

HOURS 

RATE 

COST 

Material s 

892 

Material  Overhead 

16.5^S 

147 

Manufacturing  Direct  Labor 

Production 

69 

$5.33 

368 

Tool  Sustaining 

4 

$6.85 

27 

Inspection 

20.7 

$6.65 

138 

Engineering  Direct  Labor 

Engineering  Liaison 

1 

$10.88 

11 

Overhead 

Manufacturing 

171 .0% 

911 

Engineering 

123.6% 

14 

Other  Direct  Cost 

5.0% 

27 

$2535 

G & A 

22.4% 

568 

CAS  414 

24 

TOTAL  COST 

$3127 

PROFIT 

10.0% 

313 

$3440 

Thermal -Electric  Deicing  775 


Ambient  Temperature.  Composite  blades  are  slightly  more  temperature  sensi- 
tive tTian  metal  1 ic  blades.  Therefore,  in  the  initial  design  phase,  it  has 
been  necessary  to  use  high  temperature  materials  data  in  the  determination 
of  stresses  and  section  properties.  Elastomeric  materials  are  cold- 
sr'’sitive  but,  under  dynamic  flexing  action,  they  rapidly  reduce  their 
stiffness  until  a stability  point  is  reached.  For  these  reasons,  no  sig- 
nificant effects  due  to  ambient  temperature  variations  will  occur. 

Humidjty.  Humidity  produces  reversible  reductions  in  the  strength  and 
modulus  of  the  epoxy  matrix,  and  on  matrix  sensitive  composite  properties. 
For  this  reason,  "wet"  static  properties  are  used  for  static  stress  analy- 
sis and  fatigue  properties  are  derived  from  fatigue  tests  of  the  AH-1  blade 
which  included  combined  temperature/humidity  effects. 

Free ipi taJ:ion . Rain  and  sleet  present  classical  erosion  problems  which 
are  resisted  by  incorporation  of  a urethane  elastomer  leading  edge  boot. 

Snow  is  harmless  because  of  its  low  average  density. 

Hail  is  potentially  damaging  primarily  in  an  erosion  sense.  Composite 
materials  are  much  more  damage  resistant.  Therefore,  impact  damage  from 
hailstones  will  be  negligible  to  all  surfaces.  As  the  impacted  hailstones 
shatter,  the  resultant  particles  will  cause  relatively  rapid  erosion  strip 
wear.  However,  the  total  time  of  exposure  to  hail  conditions  is  estimated 
to  be  a small  factor  in  the  overall  erosion  life  of  the  blade. 

Erosion  Protection.  The  erosion  protection  system  consists  of  an  elasto- 
meric boot  which  extends  from  station  36.5  to  the  tip.  It  covers  approxi- 
mately 15%  of  the  upper  surface,  wrapping  around  the  leading  edge  to  approx- 
imately 25%  of  the  lower  surface.  The  maximum  thickness  is  .100  inch, 
which  has  been  shown  by  Kaman  test  (Reference  15)  to  be  satisfactory  for 
the  OH-58  tip  speed  condition. 

Extensive  materials  testing  was  undertaken  in  the  AH-1  composite  program. 

Two  major  tests  were  performed  to  determine  resistance  to  sand  erosion  and 
rain  erosion.  Rain  erosion  proved  to  bo  critical.  The  results  indicated 
that  a thermoplastic  urethane  elastomer  produced  by  B.  F.  Goodrich  as 
"Estane  165RN6H"  was  the  best.  Extensive  testing  with  this  material  indi- 
cated that  .100  could  protect  the  blade  surface  for  6 hours  at  a rainfall 
rate  of  1 inch/hour  for  the  AH-1  tip  speed  condition  of  740  fps.  Since 
less  than  .5%  of  aircraft  time  is  anticipated  in  a rain  environment,  this 
was  satisfactory  to  insure  a 1200-hour  life.  Because  the  OH-58  tip  speed 
is  only  655  fps,  a substantial  increase  in  this  performance  is  anticipated. 


T57 'll  in  tennis  ter,  R.  A.,  TEST  REPORT  FOR  DEMONSTRATION  OF  THE  AH-1  IMPROVED 
MAIN  ROTOR  BLADE  EROSION  PROTECTION  SYSTEM,  Kaman  Report  T-668,  Kaman 
Aerospace  Corporation,  Bloomfield,  Connecticut,  February,  1977. 
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Salt  Spray.  Composite  materials  are  not  affected  by  salt  spray.  Metallic 
parts  are  damaged  by  salt,  but  these  are  held  to  a minimum  in  this  design. 
The  tip  ballast  weight  is  a stainless  steel  casting  which  has  inherent  cor- 
rosion resistance.  Alloy  steel  surfaces  which  are  not  hermetically  enclosed 
in  an  assembly  will  be  cadmium  plated  and  painted  for  protection.  The 
highest  susceptibility  to  salt  spray  corrosion  is  in  fasteners  securing  sec- 
ondary items  such  as  chordwise  and  tip  weights.  Normal  sanitation,  such  as 
fresh  water  flushing,  in  these  areas  will  minimize  or  eliminate  any  corro- 
sion problems. 


Lightning  Protection.  Theoretical  considerations,  the  published  literature 
on  lightning  tests  of  composite  structures,  and  specific  experience  with 
lightning  tests  of  the  AH-1  and  HH-43  composite  blades  reveal  two  poten- 
tially serious  modes  of  lightning  damage  in  the  proposed  OH-58  blade. 

In  the  first  potentially  destructive  mode,  the  metal  tip  weight  provides  a 
partial  internal  current  patch  which  can  cause  arc  passage  down  the  length 
of  the  hollow  spar  with  attendant  extreme  internal  pressures.  Testing  of 
the  AH-1  blade  demonstrated  that  this  discharge  mode  can  be  prevented  by 
providing  an  external  conductive  path  over  the  weight. 

In  the  case  of  the  second  potentially  destructive  mode,  strokes  flashing 
over  the  external  surface  will  tend  to  enter  and  destroy  the  upper  and 
lower  blade  root  reinforcements,  which  contain  graphite  fiber.  This  can 
also  be  prevented  by  providing  an  external  conductive  path  over  the  gra- 
phite containing  area. 

On  both  the  AH-1  and  HH-43  blades,  the  required  external  conductive  paths 
have  been  successfully  provided  by  applying  a silver  pigmented  conductive 
coating  under  the  normal  paint  finish  system.  This  technique  has  been  used 
because  it  does  not  affect  blade  performance  and  can  be  applied  at  rela- 
tively low  cost.  The  effect  on  radar  signature  is  slight  compared  to  the 
overall  signature  of  the  compostie  blade. 

No  other  proven  methods  amenable  to  the  selected  fabrication  technique  were 
identified  during  this  design  study,  and  the  use  of  the  silver  pigmented 
conductive  coating  is  therefore  the  baseline  approach  for  the  OH-58  blade. 
During  a blade  development  program,  other  methods  (for  example,  provision 
of  a thick  dielectric  plug  inboard  of  the  tip  weight)  would  be  explored  in 
greater  detail  and  tested  if  they  appear  to  offer  advantages. 

Wind.  Because  of  increased  fatigue  strength,  composite  blades  are  less 
susceptible  to  wind  damage  than  metal  blades.  The  greatest  susceptibility 
is  on  the  ground,  where  very  high  flapping  moments  can  be  generated  unless 
the  blades  are  restrained  or  tied  down.  Wind  has  no  significant  design 
impact. 

Ice  Protection.  Under  certain  conditions  of  cold  saturated  air,  ice  may 
have  a tendency  to  build  up  on  rotor  blades.  Icing  is  resisted  by  the  high 
centrifugal  accelerations  over  the  outer  regions  of  the  blade  and  the 


natural  flexing  of  the  rotor  blade  as  a beam.  Nonetheless,  extreme  icing 
conditions  do  occur  which  demand  treatment. 

Blade  deicing  provisions  have  been  considered  for  the  composite  OH-58  blade 
The  required  meteorological  conditions  are  defined  in  Figures  66  and  67 
(Reference  16).  Figure  66  defines  the  endurance  deicing  mission,  while 
Figure  67  defines  the  maximum  intermittent  condition.  These  curves  describe 
the  typical  cold  saturated  air  conditions  conducive  to  persistent  ice  for- 
mation. The  physical  requirements  for  deicing  are  that  ice  shall  not  be 
allowed  to  build  up  to  the  extent  that  it  is  detrimental  to  performance, 
stability,  control,  vibration  level  and  structural  integrity.  The  concept 
may  also  provide  for  clear-shedding  where  the  expelled  ice  does  not  have 
the  opportunity  to  damage  the  tail  rotor  or  any  other  part  of  the  heli- 
copter. Several  satisfactory  systems  are  available  which  can  fulfill  these 
requirements. 

Ice  protection  considerations  fall  into  two  categories:  detail  design  con- 
siderations and  system  considerations.  System  considerations  are  not  incon 
siderable  in  that  severe  life-cycle  cost  penalties  are  generated  from 
reduced  overall  reliability.  This  is  because  of  the  proliferation  of 
onboard  hardware  requirements,  such  as  wire  bundles,  distribution  devices, 
slip  rings  and  heavy-duty  generating  equipment.  This  report  does  not  pre- 
sent overall  system  effects,  but  only  effects  on  the  blade  alone.  The 
detail  design  considerations  are  strongly  dominated  by  the  requirement  that 
the  deicing  system  must  have  a very  minimum  of  impact  on  the  blade  design. 
This  means  that  an  ideal  deicing  system  should  be  integrated  into  existing 
blade  components  with  little  or  no  detrimental  effects.  Kaman  has  inves- 
tigated two  deicing  schemes  which  are  applicable  to  the  K757  blade  design. 

Thermal -Electric  Design.  This  design  consists  of  a urethane  erosion  boot 
with  integral  wires  acting  as  electrical  resistance  heaters.  The  boot 
would  extend  along  the  leading  edge  all  the  way  to  the  tip,  covering  15% 
of  the  upper  surface  to  25%  of  the  lower  surface.  The  wires  are  waved  so 
as  not  to  be  affected  by  blade  strain.  Heating  is  cyclic  so  that  balanced 
shedding  occurs  at  all  times.  Kaman  has  had  extensive  experience  with  an 
electrothermal  system  which  was  developed  for  the  Navy  UH-2  helicopter. 

This  exposure  to  the  overall  system  demands  and  constraints  has  provided  a 
healthy  appreciation  of  the  overall  aircraft  impact.  The  UH-2  system  con- 
sists of  an  electrically  heated  leading  edge  boot  which  also  provides  ero- 
sion protection  to  the  inner  portion  of  the  blade.  Beyond  the  70%  radius, 
only  erosion  protection  is  provided  since  the  high  G levels  prevent  the 
formation  of  ice. 


16.  Military  Specification,  MIL-E-38453A  (USAF),  ENVIRONMENTAL  CONTROL, 
ENVIRONMENTAL  PROTECTION,  AND  ENGINE  BLEED  AIR  SYSTEMS,  AIRCRAFT, 
GENERAL  SPECIFICATION  FOR,  Department  of  Defense,  Washington,  D.  C., 
2 December  1971. 
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Ambient  temperature,  ®F  grams/cu.m. 
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Ambient  temperature,  °F  grams/cu.m. 


The  LIH-2  system  was  thoroughly  developed  and  completely  successful,  but 
did  not  see  significant  service  use  because  blade  bending  deflections  pre- 
vented icing  from  becoming  a significant  problem  on  this  helicopter  opera- 
ting in  its  typical  environment. 

The  thermal -electric  system  requires  some  slight  compromise  in  blade  design 
since  a small  additional  thickness  of  low  density  rubber  is  required  to 
surround  the  resistive  heater.  This  adversely  affects  efficient  chordwise 
balancing  and,  thus,  increases  blade  weight.  A large  degradation  occurs 
with  regard  to  radar  signature,  and  expensive  volume  consuming  treatments 
must  be  considered  to  overcome  this  problem.  These  treatments  tend  to 
increase  blade  weight  also.  These  systems,  because  of  their  complexity, 
are  also  very  costly,  but  are  state-of-the-art  components. 

Pneumatic  System.  This  is  a relatively  new  deicing  system  for  helicopter 
blades.  It  is  also  built  into  the  erosion  boot  and  would  extend  out  to 
station  180,  covering  15%  of  the  upper  surface  to  25%  of  the  lower.  A 
cyclic  expansion  of  the  integrally  molded  passages  distends  the  outer  sur- 
face and  breaks  off  any  ice  formation.  Cycling  is  appropriate  to  insure 
balance  clear-shedding.  The  advantages  of  thi'^  system  are  low  cost  and 
good  radar  signature.  The  disadvantages  are  potential  aerodynamic  degra- 
dations and  an  increase  in  boot  cross  section  which  affects  chordwise  bal- 
ance and  increases  blade  weight  and  cost. 

Kaman  considers  the  thermal -electric  system  to  be  a state-of-the-art  system 
and  therefore  has  considered  it  further  in  the  life  cycle  cost  phase.  The 
pneumatic  system  has  not  reached  a similar  state  of  development.  It  prom- 
ises many  advantages,  with  the  only  negative  factor  being  a requirement 
for  more  blade  volume  which  slightly  increases  the  blade  weight. 

Ozone.  None  of  the  environmentally  exposed  materials  under  consideration 
has  any  significant  sensitivity  to  ozone. 

Induced  Environmental  Considerations 


Vibration.  Induced  vibration  conditions  are  characteristics  of  all  heli- 
copter environments.  These  provide  primary  impacts  on  design  in  that  the 
major  structural  loadings  are  vibratory.  These  are  addressed  in  the  Struc- 
tures section.  Other  sources  of  vibration  originate  in  the  drive  system. 
The  main  rotor  is  effectively  decoupled  from  the  drive  system  through  its 
pitch  bearing  compliances  and  the  long  flexible  drive  shaft.  There  is  no 
indication  in  present  Bell  flight  strain  data  that  drive  system  frequencies 
are  found  in  the  main  rotor.  The  composite  blade  matches  the  present  blade 
dynamically  and  has  better  internal  damping.  Therefore,  it  is  judged  that 
it  will  not  be  susceptible  to  system-induced  high  frequency  vibrations. 

Sonic  fatigue  will  likewise  not  be  a design  problem.  Light  panels  are  well 
damped  such  that  large  energy  reactions  can  be  supplied  to  the  sonic  exci- 
tation. No  design  impact  is  anticipated. 
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Transportation  and  Storage  Constraints.  No  changes  in  transportation  con- 
tainers or  storage  techniques  are  anticipated.  Internal  support  and 
restraint  provisions  will  be  needed  in  containers,  but  this  does  not  impact 
blade  design  or  operation  in  any  way. 

Ozone,  Aircraft-Induced.  The  blade  materials  are  not  susceptible  to  ozone. 

Aircraft  Fluids  Compatibility.  All  blade  materials  are  unaffected  by  typi- 
cal  aircraft  fluids  such  as  rotor  bearing  greases,  MIL-L-23699,  and  lubri- 
cating oils  of  MIL-L-7808  variety.  Surface  contamination  from  these  fluids 
requires  repair  pretreatment  cleaning  prior  to  bonding.  No  design  impact 
results  from  this  consideration. 

Thermal  Shock.  The  selected  blade  materials,  which  are  poor  heat  conduc- 
tors, are  not  susceptible  to  thermal  shock.  A composite  rotor  blade  may  be 
considered  to  have  a large  thermal  capacitance  which  resists  rapid  tempera- 
ture changes  and  the  attendant  deleterious  effects. 

Cleaning  Materials  and  Techniques.  The  K757  composite  blade  suffers  no 
deleterious  effects  from  existent  cleaning  materials  and  techniques  pre- 
sently in  the  Army  system.  No  design  or  operational  impact  is  accrued. 

Aircraft  Interior  Noise.  Interior  aircraft  noise  levels  will,  most  likely, 
be  reduced  in  direct  proportion  to  externally  sensed  noise.  The  low  trans- 
mission efficiencies  of  the  composite  materials  will  insure  that  noise  gen- 
erated at  the  blade  will  not  be  transmitted  to  the  cabin.  Therefore,  no 
design  or  operational  impacts  are  anticipated. 

Temperature  (Induced) . Conducted  and  radiated  heat  from  the  transmission 
and  engine  is  dissipated  by  the  natural  forced  convection  of  the  moving 
rotor.  The  total  amount  of  heat  moved  in  this  fashion  is  small  due  to  long 
conducting  paths  and  the  relatively  large  offset  distance  of  the  rotor  from 
the  transmission  and  engine.  No  design  impact  was  considered. 

Moisture  (Induced).  Washing  procedures  do  not  provide  any  design  or  opera- 
tional  problems. 

Salt  Spray  (Induced).  The  metallic  components  have  a high  susceptibility 
to  salt  spray  corrosion.  Therefore,  cadmium  plating  and  painting  has  been 
used  as  protection  for  all  surfaces  not  hermetically  sealed  during 
assembly. 

Damage  Tolerance.  The  K757  blade  is  constructed  of  composite  materials 
which  have  inherent  internal  redundancies  limiting  failure  hazard.  The 
"basket-weave  cross-ply  skin,"  which  derives  from  the  AH-1  composite  blade 
program,  proved  to  be  highly  damage  resistant  in  ballistic  tests.  A spar 
pressurization  system  includes  a Shrader  valve  to  apply  limited  pressure 
to  the  sealed  spar.  Spar  integrity  is  judged  by  the  rate  of  pressure  loss. 

This  is  a very  simple,  inexpensive  system  which  is  quite  reliable  once 
characteristic  pressure-loss  norms  have  been  established. 
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Blade  Obstacle  Strike.  The  fiberglass  nose  block  is  a linear  filament 
winding  and,  therefore,  is  a strong  member  with  a large  capacity  to  absorb 
impact  energy.  The  shear  strength  of  the  nose  block  cross  section  is  12 
times  that  of  a 1-inch-diameter  pine  branch.  The  pine  branch  would  be 
severed  with  only  superficial  abrasion  damage  to  the  erosion  boot  and  blade 
surface. 

Soft,  unshielded  copper  wire  exhibits  brittle  behavior  under  high  strain 
rate  conditions  which  prevail  during  impact.  Over  the  outer  75%  radius,  a 
1/4-inch-diameter  wire  would  easily  be  severed  with  only  superficial  repair- 
able damage  to  the  blade. 

Inboard  of  this  point,  the  wire  would  suffer  a large  amount  of  tensile 
strain  before  failure,  presenting  some  hazard  to  the  control  system.  Dam- 
age to  the  blade  would  primarily  be  confined  to  the  erosion  boot. 

External  Aircraft  Noise.  Several  of  the  design  features  of  the  composite 
OH-58  main  rotor  blade  tend  to  promote  reduced  noise.  These  features, 
which  include  increased  blade  twist,  blade  planform  and  thickness  taper, 
and  the  use  of  a trapezoidal  tip  shape  and  a high  lift  airfoil  section, 
should  result  in  a substantially  reduced  main  rotor  acoustic  signature. 
Discussions  of  the  qualitative  effects  of  these  design  features  are  pre- 
sented in  the  following  paragraphs. 

Noise  radiation  from  a low  to  moderate  tip  speed  helicopter  rotor,  such  as 
the  OH-58  main  rotor,  is  largely  due  to  the  lift  and  drag  forces  which  are 
developed  on  the  rotor  blades  during  flight.  These  forces,  coupled  with 
blade  motion,  generate  local  atmospheric  pressure  fluctuations,  which  prop- 
agate from  the  blades  and  are  perceived  as  noise.  Although  the  aerodynamic 
forces  involved  in  this  noise  generation  mechanism  are  continuously  distri- 
buted along  each  rotor  blade,  it  is  possible  to  approximate  this  continuous 
distribution  with  a series  of  discrete  forces.  Each  of  these  discrete 
forces  can  then  be  treated  as  a simple  dipole  noise  source,  with  the  total 
rotor  noise  signature  equal  to  the  sum  of  the  contributions  from  all  such 
sources.  This  approach  provides  a convenient  means  for  evaluating  the  qual- 
itative impact  of  the  composite  OH-58  rotor  blade  design  features  mentioned 
previously. 

The  noise  radiated  into  the  far  field  by  a dipole  noise  source  is  given  by: 
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where 


= component  of  source  Mach  No,  in  the  direction  of  the  observer 

= time  rate  of  change  of  source  Mach  No.  in  the  direction  of 
the  observer 

Fp  = component  of  aerodynamic  force  in  the  direction  of  the 
observer 

Fp  = time  rate  of  change  of  component  of  aerodynamic  force  in  the 
direction  of  the  observer 

Rp  = distance  between  source  and  observer 

C = speed  of  sound 

In  the  context  of  the  present  problem,  the  source  motion  terms  Mj^  and  M^ 
refer  to  the  motion  of  an  elemental  length  of  blade  span,  and  the  aerodyna- 
mic force  terms  F^^  and  refer  to  the  summation  of  lift  or  drag  over  this 

length  of  blade  span.  It  is  clear  from  the  equation  that  both  relative 
blade  motion  and  blade  loading  are  important  determinants  of  rotor  noise, 
with  noise  decreasing  with  reductions  in  blade  loading  and/or  relative 
motion. 

It  is  also  clear  that  low  noise  is  promoted  by  distributing  blade  lift  and 
drag  forces  in  such  a way  that  high  forces  occur  over  low  velocity  portions 
of  the  rotor  blade.  As  shown  in  Figure  68,  the  spanwise  lift  distribution 
of  the  standard  OH-58  rotor  is  such  that  high  lift  loads  are  generated  at 
the  blade  tip,  which  has  the  highest  velocity.  For  the  composite  OH-58 
rotor,  the  use  of  increased  twist,  planform  taper  and  the  trapezoidal  tip 
shape  results  in  an  inboard  shift  in  the  lift  distribution,  and  this  should 
substantially  reduce  the  noise  of  this  rotor. 

Again,  in  accordance  with  the  above  equation,  it  can  be  seen  that  low  noise 
is  promoted  by  minimizing  rapid  fluctuations  in  blade  loading.  In  practice, 
such  fluctuations  often  occur  as  the  result  of  interactions  between  the 
rotor  and  concentrated  vortices  shed  at  the  rotor  tip.  Since  the  severity 
of  these  fluctuations  and  the  magnitude  of  noise  generated  in  this  manner 
depends  on  the  strength  of  the  tip  vortex,  factors  which  influence  tip  vor- 
tex strength  also  affect  noise.  The  trapezoidal  tip  used  on  the  composite 
OH-58  rotor  will  result  in  reduced  tip  vortex  strength  and,  to  the  extent 
that  blade/ vortex  interaction  occurs  on  this  rotor,  this  will  reduce  the 
rotor  noise  signature. 

As  noted  previously,  both  lift  and  drag  forces  generate  noise.  The  airfoil 
section  used  on  the  present  OH-58  rotor  blade  represents  a compromise 
between  good  performance  and  manufacturing  cost.  This  compromise  resulted 
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Figure  63.  Comparison  of  composite  and  standard  OH-58  rotor 
aerodynamic  load  distributions  - hover. 


in  a relatively  low  lift-to-drag  ratio  for  the  present  blade.  The  lift- 
to-drag  ratio  of  the  composite  blade  is  considerably  higher,  and  because 
of  this,  the  component  of  rotor  noise  due  to  drag  forces  should  be  con- 
siderably reduced  relative  to  the  present  blade,  for  comparable  thrust 
requirements. 


CONCLUSIONS 


1.  A simple,  low-cost  composite  blade  for  the  OH-58  helicopter  can  be 
fabricated  using  inexpensive  hand  tooling  and  wet  filament  winding 
technology  obtained  from  experience  on  the  Kaman  AH-1  composite  blade 
program.  Blade  cost  is  impacted  primarily  by  fabrication  techniques 
and  number  of  joints.  Blade  configurations  involving  adapting  metal 
parts  proved  to  be  about  20%  more  costly.  Processes  such  as  filament 
winding,  braiding  and  pultruding  proved  to  be  low  cost.  Filament 
winding  was  selected  because  of  its  well  developed  background  and 
ready  adaptability  to  variable  geometry  blade  configurations. 

2.  Analyses  indicate  that  the  composite  blade  life  cycle  cost  is  at  least 

60%  below  that  of  the  present  blade.  A significant  factor  is  the 

introduction  of  spar  repairabil  ity  at  depot  level. 

3.  The  performance  of  the  0H-58C  in  hover  can  be  substantially  improved 
by  replacing  the  undesignated  airfoil  section  currently  used  for  the 
main  rotor  blade  with  one  giving  a higher  lift-to-drag  ratio. 

4.  The  cambered  VR-7  section  is  favored  over  the  NACA  0012  for  its  super- 
ior lift-to-drag  ratio  at  high  lift  coefficient  and  for  its  higher 

maximum  lift  coefficient. 

5.  Aerodynamic  characteristics  are  generally  secondary  to  structural  and 
dynamic  requirements  in  determination  of  blade  planform. 

6.  A polar  inertia  increase  of  4%  is  inherent  in  the  K757  design.  Blade 
weight  is  6%  lower.  Blade  CF  and  span  moment  are  less  than  4%  higher 
which  indicates  little  or  no  impact  on  the  present  OH-58  hub  and 
controls. 

7.  Ballistic  survivability  is  substantially  enhanced  in  the  case  of  the 
composite  K757  blade. 

8.  Static  strength  equals  or  exceeds  the  present  OH-58  metal  blade. 

9.  The  K757  blade  has  a conservatively  calculated  fatigue  life  of  4703 
hours. 

10.  Considering  first,  second  and  third  modes,  the  K757  natural  frequen- 
cies match  the  present  OH-58  blade  within  8%.  Torsional  frequencies 
match  within  3%. 
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Based  on  data  from  Appendix  C,  repairs  are  practical  and  achievable 
for  planform-through  damage  of  the  K757  fiberglass  spar;  a spar  repair 
for  .50-caliber  tumbled  damage  has  no  significant  effect  on  the  spar 
stiffness;  and  the  test  of  a repaired  K757  spar  indicates  no  failure 
tendencies. 
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Kaman  has  recently  completed  the  repairability  program  for  the  composite 
AH-1  blade.  This  program  Included  afterbody  repair  and,  for  the  first  time, 
a high  order  of  trailing  edge  spline  repair.  Because  of  the  multicelled 
cross  section  of  the  AH-1  blade,  it  was  not  considered  practical  to  repair 
spar  damage  since  there  exists  a high  probability  of  severe  internal  wall 
damage  and  the  relatively  small  cells  render  the  repair  tooling  schemes 
impractical.  Also,  the  emphasis  in  the  AH-1  program  was  repairability  of 
damage  due  to  the  23mm  HE  I threat.  Spar  damage  due  to  this  threat  was  so 
extensive  as  to  preclude  any  consideration  of  repair.  The  Kaman  K757  OH-58 
composite  blade  will  have  the  same  afterbody  repairability  but,  in  addition, 
it  will  provide  a practical  opportunity  for  spar  repairs.  This  is  because 
the  chordwise  dimension  of  the  single  cell  spar  approaches  50%  of  the  total 
chord  which  provides  adequate  opportunity  for  wound  dressing  and  repair  on 
the  top  and  bottom  surfaces.  Kaman  proposed  to  include,  as  part  of  Con- 
tract No.  DAAJ02-77-C-0075,  the  OH-58  composite  blade  program,  a Kaman- 
funded  spar  repairability  study.  The  repairability  scheme  envisioned  the 
repair  of  ballistic  damage  to  the  top  and/or  bottom  surfaces  of.  the  airfoil. 
It  did  not  include  repairs  of  the  solid  fiberglass  leading  edge  nose  piece 
or  the  afterbody  core-spar  wall  juncture.  Tests  were  proposed  to  prove  the 
practicality  of  repair. 

DISCUSSION 

The  repairability  evaluation  program  consisted  of  the  following  primary 
steps: 

1.  Construct  prototype  spar  section  (Figure  C-1). 

2.  Test  the  spar  in  a free-free  beam  rig  for  10^  cycles  (Figure 
C-2).  Use  loads  corresponding  to  high  speed  straight  and 
level  flight  for  the  present  blade. 

3.  Submit  the  successfully  tested  spar  to  ballistic  damage. 

4.  Repair  specimen. 

5.  Retest  for  10^  cycles  using  high  speed  straight  and  level 
flight  loads. 

Step  1 was  performed  by  tape  winding,  using  2-inch  prepreg  tapes,  over  a 
mandrel  made  up  of  spanwise  tapered  segments.  Spanwise  uniaxial  filaments 
were  also  2-inch  tapes  which  were  butted.  The  material  used  was  3M  XP250 
Uni-E-Glass.  E-glass  is  considered  to  be  a conservative  choice  for  the  pur- 
poses of  this  program.  Cure  was  accomplished  on  the  mandrel  under  35  psi 


195 


I 


autoclave  pressure  for  90  minutes,  minimum,  at  250“F  to  270°h.  The  sched- 
ule of  material  and  the  distribution  are  illustrated  in  Figure  C-3. 

The  spar  was  completed  before  the  final  blade  definition  and,  therefore, 
was  not  totally  representative  of  the  final  configuration.  Basically, 
there  are  three  significant  differences  which  would  tend  to  minimize  bal- 
listic damage: 

1.  An  additional  +45°  winding  was  added  to  the  cross  section. 

2.  The  afterbody  "basketweave"  skin  was  extended  over  the  top 
and  bottom  of  the  spar  to  tuck  under  the  erosion  boot  in 
the  design.  The  boot  was  not  part  of  the  prototype  spar. 

3.  The  thickness  of  uniaxial  plies  was  reduced  from  .140  inch 
to  .106  inch.  (Total  thickness  is  .170  inch.) 

Step  2 was  performed  using  only  beamwise  cyclic  bending  of  + 3000  in. -lb 
peak  since  the  free-free  rig  vibrates  in  the  beamwise  or  out-of-plane  dire*,- 
tion  only.  This  slightly  exceeds  loadings  at  station  60,  and  exceeds  all 
values  outboard  of  station  60  (Reference  9,  Figure  225,  for  the  condi- 
tion). Therefore,  75%  of  the  blade  span  is  tested  or  approximately  91%  of 
the  rotor  disc  vulnerability  area.  Step  3 was  performed  at  the  Applied 
Technology  Laboratory  Ballistic  Facility.  Figures  C-4  through  C-7  illus- 
trate the  test  setup  and  the  blade  condition  before  and  after  the  test. 

Test  apparatus  at  the  ballistic  laboratory  included  a Hewlett-Packard  mea- 
suring system,  electronic  ballistic  velocity  screens,  firing  control  sys- 
tem, video  monitoring  system,  speedgraphic  camera,  .50-caliber  Mann  barrel 
and  .50-caliber  ammunition  (APM2  w/225  grains  of  IMR5010  powder). 

The  blade  was  mounted  in  a wood  frame  and  secured  to  the  mounting  ring  to 
present  the  spanwise  axis  at  a 90°  angle  with  respect  to  the  impact  point. 

No  loads  were  imposed  during  test.  The  impact  was  located  36  inches  from 
the  right  end  and  5 inches  down  from  the  leading  edge  (Figure  C-5).  The 
tumbled  .50-caliber  APM2  struck  at  a velocity  of  2568  fps.  The  most  notable 
results  are  the  extensive  spanwise  brooming  of  the  internal  uniaxial  mater- 
ial and  the  chordwise  brooming  of  the  90°  plies  on  the  exit  side.  The 
cross  plies  were  "holed"  by  the  strike  with  a limited  amount  of  delamina- 
tion. By  contrast,  the  uniaxial  plies  suffered  extensive  surface  delamina- 
tion and  internal  brooming.  The  basketweave  extension  would  have  reduced 
the  surface  delamination  and  the  additional  cross  ply  winding  would  have 
further  restrained  internal  brooming.  It  is  judged  that  the  damage  gener- 
ated by  the  test  exceeds  that  expected  of  the  final  cross  section  and  that 
the  test  is  conservative  from  a repair  point  of  view. 

Step  4 was  performed  in  the  Kaman  Materials  Laboratory.  All  delaminated 
material  was  removed,  resulting  in  clean  holes  as  shown  in  Figure  C-8. 

Next,  a patch  conforming  to  the  spanwise  cross  section  shown  in  Figure  C-9 
was  applied  to  both  inlet  and  exit  holes.  Both  the  isotropic  (0,  60,  120) 
and  uniaxial  patches  were  made  from  Uni-E-Glass  (3M  XP250).  Outer  and 
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Figure  C-V.  Exit  side  - .50-caliber  strike 


Figure  C-9.  Spanwise  cross  section  of  patch. 
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Inner  prepreg  cover  patches  were  7581  and  120  Fabric,  American  Cyanamid 
BP919.  As  shown  In  Figure  C-9,  the  Isotropic  patch  fills  the  hole  while 
the  uni-patch  bridges  the  wound  and  supplies  a load  path  on  the  Inside  of 
the  spar.  Cure  was  accomplished  at  35  psi  fluid  pressure,  250“F  to  270“F 
for  a minimum  of  90  minutes.  This  procedure  simulates  the  kind  of  ripair 
which  would  be  accomplished  at  depot  level  by  the  repair  tools  Illustrated 
In  Figures  63  and  64. 

The  total  weight  of  this  patch  was  about  .25  1b.  Since  the  patch  will 
center  approximately  at  the  quarter-chord,  chordwise  balance  will  be  unaf- 
fected. Span  moment  and  blade  weight  limitations  will  provide  working 
limits  for  the  number,  size  and  location  of  these  repairs. 

The  final  fatigue  test.  Step  5,  was  performed  after  a thorough  Inspection 
of  the  spar  patch.  The  test  was  run  at  the  same  amplitude  and  frequency  as 
In  the  original  test.  This  Insures  that  test  loading  duplicated  the  origi- 
nal levels.  The  test  proceeded  to  accumulate  10®  cycles  without  any  Indi- 
cation of  failure.  A complete  visual  and  tap-inspection  revealed  no  defi- 
ciencies. 

CONCLUSIONS 

1.  Spar  repairs  are  practical  and  achievable  for  plan-form  through 
damage  of  the  K757  fiberglass  spar. 

2.  A spar  repair  for  .50-cal1ber  tumbled  damage  has  no  significant  effect 
on  the  spar  stiffness. 

3.  The  test  of  a repaired  K757  spar  Indicates  no  failure  tendencies. 
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